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In 1886, Mitchell and Lewis concluded that “the responsive jerk brought 
about by striking a stretched tendon is the most refined measure we possess of 
deciding as to the tone of muscle.” Since that date, contraction in the quadri- 
ceps femoris, as tested by the knee-jerk, has been used most often and widely as 
an indication of functional as well as organic condition of the nervous system. 
For over half a century various investigators reported on such tests both in the 
lving and sitting postures and in a variety of occupations, including reading 
and writing (Lombard, 1887). However, the knee-jerk does not readily lend 
itself to precise quantitative determination, because of difficulties mentioned 
previously (Jacobson, 1928). Accordingly, in the present investigation on 
quadriceps activity during reading in the sitting posture, measurements are 
made of action-potentials—or, as we prefer to call them in this instance—con- 
traction potentials. 

One hundred unselected subjects, presumed to be in a fair state of health, were 
tested. They were 39 males and 61 females, ranging in age between 22 and 61 
vears, mostly employees in various business occupations.2. The room was semi- 
sound proof and apparently free from apparatus, while unnecessary sounds, 
including conversation, were largely avoided. Electrodes were platinum iridium 
wires, 0.011 inch in diameter, inserted perpendicularly to a depth of 11 mm. 
Commonly the lower electrode was placed about two inches above the patella 
in the midline of the upper surface of the thigh, while the upper one was placed 
about two inches or a little more above this level. As stated previously, the 
continued presence of such fine wires is attended by no noteworthy subjective 
discomfort and does not act as a distractive. In these respects, as in others, 
electrical measurements have advantages over the older procedure of knee-jerk 
testing. 

Recording is without photography, by means of the Integrating Myovoltmeter, 


1 Read before the American Physiological Society, April 18, 1941 

2 Twenty-four were secretaries, 6 were college professors, 6 were dentists, lawyers o1 
doetors, 9 were housewives, 3 were switchboard operators, 4 were advertising agents, 8 
were clerks or accountants; the remainder were distributed approximately one per busine 
occupation, differing widely from each other. 
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as described previously (Jacobson, 1940). This consists of an a.c. amplifier 
connected with a vacuum tube rectifier and other means for causing the amplified 
contraction-potentials to charge a condenser in such a way that the magnitude 
of the charge is a measure of the average contraction-potential for the charging 
period. At any instant the total rectifier output is indicated by the position of 
a needle on a meter. Fluctuations of this needle enable the investigator to 
follow the gross variations of contraction in the muscle studied; if the subject 
extends his leg, the needle moves up on the dial accordingly and stays up as long 
as the extension is maintained; but if the muscle is limp and relaxed, the needle 
remains near zero. 

In seeking a quantitative indication of tonus in a muscle as a whole, we are 
led away from the employment of micro-electrodes and of concentric electrodes, 
which were found suitable in the investigation of the electrical activity of single 
fibers or of small groups of fibers discharging as a unit. If it were possible to 
place a pair of concentric electrodes in juxtaposition with each and every muscle 
fiber in the muscle group tested and so to measure each and every discharge, a 
plot of voltages and frequencies against time for all the fibers would be an ideal 
electrical measurement of contraction in the muscle group. Since this is beyond 
possibility, wire electrodes are inserted into the muscle tissue where an indefinite 
number of fibers discharge variously from instant to instant. Obviously, at 
any instant the p.d. in the electrodes is the resultant from discharges in the sur- 
rounding muscle mass. How far a fiber can be from such a wire and yet affect 
it thus, we do not know. At any rate, total electrification in the muscle is not 
measured, but only the potential differences in the two wires. To what extent, 
if any, the values vary with the size and length of the wires, the distance apart 
and their locality in the muscle is under investigation. 

For quantitative purposes, it has seemed best to limit the frequency range 
measured. Accordingly, what we measure is a function, within limits, of the 
electrical activity of the many fibers which affect the two electrodes inserted 
with a view to obtain a sample of the total activity of the muscle. 

In the present study, the voltages recorded during muscular contractions can 
be expected to be lower than those reported by most previous investigators of 
muscular action-potentials for three reasons: first, because the muscles here 
tested are in a state of slight contraction, not far removed from rest, while the 
muscles in experiments previously conducted by others generally have been 
stimulated to contract intensively; second, because a.c. amplifiers of limited 
frequency range have been developed and improved from time to time specifically 
to make possible these low voltage measurements in muscle; third, because at 
any instant under our conditions some fibers contribute positively, others nega- 
tively, determining a resultant p.d. in the electrodes which consequently is less 
than the voltage recorded when concentric or other electrodes are stationed ap- 
proximately in contact with a single fiber; for then, a voltage builds up to ¢ 
maximum (i.e., critical) value of discharge for that fiber whereupon a constant 
p.d. can be recorded each time that fiber contracts. 

Each subject was requested to sit quietly and to read to himself. The right 
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foot hung freely, while the left rested on a support The arms held the magazine 
but were not provided with special supports. The rectified contraetion-po 
tentials were averaged and integrated every two minutes during a thirty minute 
period ol test. No subject had been tested previously or had taken n sedative 


or had received any training to relax or knew the purpose of the study 
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Fig. 1. Distribution curve of average microvoltages for the thirtw minute period of 


test in all subjects, except one 


Fig. 2. Unbroken lines: Contraction potentials plotted against time im three subjects 
illustrating aseending, horizontal and descending curves Broken lines Composite eur 
for 99 subjects In this figure each point plotte d indientes the avernge microvoltage 


for the preeeding 2 min 

The results can be presented I, as averages of the potential differences for the 
entire thirty minute period; 2, as curves of the integrated contraction-potential 
plotted against time. 

In figure 1, the distribution curve of the averaged potentials for the group | 
plotted on a 0.5 microvolt scale. evidently the curve is normal in type Whe 


values range from 0.5 to 4.5 microvolts with the maximum number of mai 
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viduals (35) in the range from 1.0 to 1.5 microvolts. One subject (1H) has 
heen omitted, because his average (19.5) was considerably higher than that for 
the others and could not be included in the graph conveniently. 

The curves representing the potentials plotted against time can be classified 
in three groups, although in many instances the distinction is doubtful or ap- 
proximate only: 1, those on the whole showing a tendency toward increase of 
tension throughout the period— ascending curves; 2, those on the whole showing 
a tendency toward decrease of tension throughout the period ; 3, those showing 
ups and downs but on the whole in no particular direction, Seleeted examples 
of types 1, 2. and 3 appear in figure 2.) The curves are approximately descending 
in 26 instances, approximately ascending in 41 instances and more or less hori- 
zontal in 33 instances. Apparently the first group are more tense at the be- 
ginning of the period, tending to become adjusted as the minutes pass. Another 
group becomes more restless toward the end of the period, perhaps because of 
the necessity to sit still. The third group remains more nearly constant. Con- 
sideration of the three tendencies illustrated in figure 2 is of aid in the interpreta 
tion of the composite curve shown in figure 2. 

Under the conditions of test, the course of the composite curve for 100 in 
dividuals over the thirty minute period (not shown in the figures) runs at all 
points between the values of 1.5 to 2.0 microvolts. The highest levels occur 
approximately from 0 to 2 and 26 to 30 minutes, while the lowest level occurs 
from 16 to IS minutes. From a statistical standpoint, the composite curve 
would be more representative if the figures for subjeet H were omitted. When 
this is done, the result is shown in the broken line curve in figure 2. Throughout 
its course, it falls in value between 1.4 and 1.8 microvolts. Its highest points 
are at the first and final two minutes, respectively about 1.7 and 1.8. | Its lowest 
point is approximately at the middle (12-14 min.). The explanation of the 
moderate concavity upwards of the composite curve evidently is that the higher 
values due to group | are refleeted in the first portion of the curve, the lower 
values due to group 2 are reflected in the final portion of the curve, while the 
resultant of all three groups tends to bring the composite minimum toward the 
middle of the curve. 

In some instances, following the thirty minute test reported above, an addi- 
tional test was made during a five minute period, but in the lving posture with 
eves closed. The subject was requested to relax. Some failed to relax, as 
measured by the voltages, but the ability did not always correspond with the 
performance while reading, as illustrated in the case of subject H. Upon lying 
down, the values for the five minute period were respectively 0.07, 0.15, 0.17, 
O.14 and 0.13. These values fall toward the lowest levels commonly recorded 
for healthy subjects (not trained) (Jacobson, 1939). Yet, while reading, his 
values never fell below 9.8 and reached as high as 30. Evidently, ability to relax 
lving down does not necessarily indicate ability to relax when engaged in ac- 
tivities such as reading in the sitting posture, although a tendeney toward 


carry-over has been noted in certain subjects upon training (Jacobson, 1942), 
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As interpreted in the light of previous investigations on the knee-jerk, di 
scending curves would indicate progressive differential relaxation while ascending 
curves would-indicate increasing contraction in the region measured. In this 
group of apparently healthy individuals, a distinet trend toward differential 


i 


relaxation while reading is exhibited only by a minority. 
concLusfon 


A new method of measuring muscle potentials (potential differences in ele 
trodes in muscle), plotting their values against time, is further illustrated 
Direct electrical measurements are made of muscular contraction (tonus) in man 
in the right quadriceps femoris in 100 subjects engaged in silent reading unde 
controlled conditions. The composite curve may serve as a standard for future 
investigations under these conditions. 
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Knowledge concerning the electrolyte and water exchanges of striated muscle 
in association with activity has been greatly amplified and extended during 
recent vears (1, 2). However, evidence concerning electrolyte exchanges of 
eardiac muscle as a result of variation in cardiae activity is for the most part 
indirect and inconclusive. Howell and Duke (3) demonstrated that vagal inhi- 
bition of the dog heart resulted in an increase in the potassium content of the 
perfusion fluid. This finding has been confirmed on the turtle heart (4). 
Kehar,; McCollum and Hooker (5, 6) showed that ventricular fibrillation of 
hearts perfused through the coronaries caused a loss of potassium from the heart 
and a gain of water. Harrison and co-workers (7) considered the decrease in 
potassium content which they found in human “heart failure’? hearts to be due 
to overwork of the cardiae muscle. Cardiac hypertrophy may be associated 
with a gain in eardiae water (8) and a loss of creatine, potassium, and phosphorus 
(9, 10). Cardiae hypertrophy in thyroid-fed rats apparently does not. signifi- 
cantly alter the electrolyte composition of the heart (11, 12). There is indirect 


evidence that asphyxia causes a loss of potassium from cardiac muscle (13, 14 
Herrmann (15) has failed to confirm this finding by means of direct. tissue 
analvses. The evidence concerning cardiac electrolyte exchanges resulting from 
the action of digitalis glycosides has been cited (28). 

The conflieting results concerning the effeet of therapeutic doses of digitalis 
on cardiae potassium content (16, 17, 18, 19, 20) are probably for the most part 
due to the lack of sensitivity of the methods used to detect relatively small 
potassium exchanges. The usual method of paired muscle analyses is not  ap- 
plicable to the heart. The utility of direct tissue analvses is restricted there- 
fore to the detection of relatively large exchanges since the range of variation in 
the electrolyte composition of the cardiac muscle from animal to animal is con- 
siderably greater than 10 per cent. The method of sampling the heart before 
and after experimental procedures (19) is open to numerous objections. These 
considerations lead to the conelusion that some method of determination of 
concentration changes in the perfusion fluid of the heart under physiological 
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conditions offers the best possibilities fon the determination of relatively s 


eardiac electrolyte exchanges. The difficulties of carrving out such a study in 
an intact animal are considerable. The investigator is therefore forced to 
some type of isolated heart preparation, \ny preparation using saline as t! 
perfusion fluid is far removed from physiological conditions. The nearest 
approach to a physiological, isolated heart preparation is the Starling heart-lung 
preparation. Phe above considerations led us to study the electrolyte and wate: 
equilibria in the heart-lung preparation. Some of the results of these invest 
gations have been reported in preliminary form (17, 21, 22, 29 


The results of blood electrolyte studies earried out on a series of heart-lung 


preparations with and without the administration of a cardiae glycoside sare 
ported in this paper. 

Merruops. The heart-lung preparations were set up as described by Peters 
and Visscher (23). External diastolic volume, arterial pressure, and oxygen 
consumption were recorded continuously in most of the preparations. [external 
output and heart rates were recorded at frequent intervals throughout the 
experiment. 

Blood samples were taken at the beginning and at intervals for the duration of 
the preparation, and the serum analvzed for potassium by a modification of the 
silver cobaltinitrite method of Breh and Gaebler (24). Whole blood potassium, 
glucose, cell volume, and serum sodium, calcium, and chloride analyses were also 
carried out in part of the experiments 

The experiments have been controlled and amplified by additional experiment: 
with the completely isolated heart-oxvgenator preparation (25) and with com 
pletely isolated, blood perfused, artificially respiring lungs 

In a few experiments serum potassium analyses of samples from blood ket 
ina tonometer in the heart-hing constant temperature bath were carried out at 
identical intervals along with the similar analyses of the circulating heart-lung 
blood. 

Varving doses of a digitalis glycoside (usually one of the pure glycosides of 
Digitalis lanata, Lanatoside A, Bor C) were given to the majority of the prepara 
tions studied; the remainder, receiving no drug, served as controls. 

The heart-lung or completely isolated heart fails progressively from the outset 
This failure is characterized by a decrease in the mechanical efficieney of thi 
heart, so that as the heart fails it continually liberates greater amounts of energ 
to perform the same amount of work. If such a heart is kept at constant ex 
ternal diastolic volume by continuously reducing the venous return, th 
external work of the preparation progressively decreases while the total energy 
liberation (oxygen consumption) remains constant as predicted by Starling’s 


25,26). Ifa suitable dose of a digitalis glvcoside is admin 


diastolie volume law ( 
istered this process of progressive failure is arrested or reversed and an increase in 
the external mechanical efficiency of the preparation occurs (23, 25 Depending 
upon the dose of glycoside, the period of increased efficiency is maintained for a 
time and then the heart again fails, either maintaining its normal rhythm (thera 


peutic dose) like an untreated heart, or developing sudden typical digitali 
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irregularities with rapid failure (toxie dose). 


MO} 


1 the experiments reported here 


toxie and therapeutic doses of digitalis are defined on this basis (25): A toxie 


dose of a digitalis glycoside is one which produces cardiac arrhythmias in the 


heart of the heart-lung preparation. 


A therapeutic dose is one which will in- 


crease the external mechanical efficiency of the heart-lung heart without the pro- 


duction of cardiac arrhythmias within a period of 150 minutes after administra- 


tion of the drug. 


ResuLTs. Serum potassium concentration changes have been followed in 


75 heart-lung and isolated heart preparations and in a number of control experi- 


ments. In some of these experiments whole blood potassium, glucose, cell 
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Fig. 1. Heart-lung preparations which received 


Dog weight 
Final lung weight 
Final ventricular weight 


Final blood volume 


“toxie doses’’ of Lanatoside \ 


A B 
9.10 kgm. 10.5 kgm 
35 grams 215 grams 
grams 9S grams 
35 ee. 1315 


volume, and serum sodium, calcium, and chloride analyses have also been carried 


out. 


The results of the analyses and the external mechanical efficiency of the prep- 
aration are plotted against the duration of the preparation for typical experi- 


ments in figures 1 and 2. 


Control experiments. In experiments without digitalis, whole blood and serum 
potassium usually increase very slightly during the first two hours of the experi- 
ment and then increase at a somewhat faster rate for the duration of the prepara- 


tion. This terminal increase in the rate of serum potassium increase is usually 


associated with severe pulmonary edema which is the probable causative factor. 
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Cell volume increases slowly throughout the experiment due to hemoconcentration 
resulting from the progressive formation of cardiac and pulmonary edema 
Serum sodium, chloride, and calcium usually remain essentially constant, while 
blood glucose falls progressively throughout the experiment. The external 
mechanical efficiency of these preparations decreases continuously. 

Digitalis glycoside experiments. Typical observations are shown in figures 1 
and 2. In these experiments the control periods before administration of th 
drug were similar in all respects to the control experiments. When compared 
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Fig. 2. Heart-lung preparations which received: A, a “therape utie dose’’ of Lanatoside ¢ 


a ‘toxie dose’? of Lanatoside B 


A 
Dog weight 12.3 kgm 7.95 kgm 
Final lung weight 182 grams 140 grams 
Final ventricular weight SS grams 76 grams 
Final blood volume 1382 ee 1300 ee 


to the control experiments administration of the digitalis glycosides had very 
little effect on the changes in cell volume, blood glucose, serum chloride, 01 
calcium. The serum sodium showed no change except when very large doses 


| were used when it usually declined. In contrast to these negative findings the 
blood potassium showed significant and quite uniform changes. 

In the experiments receiving toxic doses of a digitalis glycoside there was a 

marked increase in whole blood and serum potassium. Preparations receiving 

i therapeutic doses usually show a slight increase over control experiments in the 
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rate of increase of serum potassium. Therapeutic or toxie doses of these gly- 
cosides arrested or reversed the progressive fall in mechanical eficiency lol 
periods of varying duration. Nearly all these preparations were kept at constant 
external ventricular diastolic volume for approximately the first two hours of 
the experiment. Therefore in untreated preparations the work output of the 
heart was continuously decreasing throughout this period. In treated prepa- 
rations this same decreasing work output occurred during the control period but 
therapeutic or toxic doses of a digitalis glycoside were followed by a substantial 
increase in the work output of the heart. This fact may possibly have a bearing 
on the potassium exchanges which occur, since Fenn (31) has shown that potas- 
sium lost from striated muscle during contraction varies directly with the amount 
of tension developed. The heart rate usually remained essentially constant 
throughout the untreated and therapeutic dose experiments. The arrhythmias 
and consequent rate changes which follow toxie doses of digitalis glycosides 
usually do not occur until relatively late in the experiment. 

The relative total ecardiae and blood eontent of sodium, chloride, caleium, 
water, and potassium are such that only potassium exchanges ean be satisfae- 
torily analyzed by means of blood concentration changes. Sodium, chloride, 
and water exchanges can be more satisfactorily studied by means of direct tissue 
analyses (28). Therefore only the potassium exchanges which occurred will be 
considered in more detail. 

The following calculations based on the serum and whole blood potassium 
analyses have been carried out in an attempt to obtain information concerning 
the following problems: 1. Do therapeutic as well as toxie doses of digitalis 
glycosides cause an increase in blood potassium? 2. Is the magnitude of the 
serum or blood potassium increase proportional to the dose of the digitalis 
giveoside? 3. Is the blood potassium increase a result of the toxie actions of 
these drugs or is it related to their cardiac efficiency increasing effect? 4. What 
are the absolute and relative potassium mobilizing, efficiency increasing, and 
toxic powers of the individual glycosides studied? 5. Does the increased blood 
potassium originate from the heart, the lungs, or both? 

Any attempt to approach a quantitative comparison of potassium exchanges 
based on blood potassium concentration changes in this type of experiment must 
allow for such variables as blood volume, duration of experiment, and the size 
of heart and lungs. ‘To avoid this difficulty total blood potassium increases were 
calculated by multiplying the increase in the blood concentration of potassium by 
the total blood volume. Blood potassium increases were then expressed as rates 
of blood potassium increase in terms of milligrams of potassium per gram of initial 
ventricular weight per hour. The initial ventricular weight was caleulated from 
the final ventricular weight by subtracting the weight of the edema fluid as 
caleulated from chloride analyses or from the lung edema-cardiae edema corre- 
lation curve (27). Since there is a good positive correlation between lung weight 
and heart weight, expressing exchanges on the basis of heart weight also avoids 
most of the potassium exchange variation which could be expected from varia- 


tion in lung weight. Most of the potassium exchanges have been calculated on 
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the basis of serum potassium concentration changes, since it is difficult to correct 
whole blood potassium concentration changes for changes in cell volume result 

ing from hemoconcentration. Serum potassium exchanges undoubtedly includ 
some potassium lost from the red cells, since serum potassium concentration 
usually increases slightly in samples of stirred blood. This movement of pv 

tassium from the red cell to the serum is apparently small, however, and not at 
fected by the digitalis concentrations used in these experiments. When 
serum potassium concentration is increasing relatively rapidly, the increase in 
whole blood potassium concentration tends to lag, due to the delay in the dis 
tribution of the added potassium across the red cell membrane (figs. 5 and 6 

Only the potassium exchanges which oecur during the period of increased 
efficiency due to the glycoside will be considered in detail. Exchanges occurring 
in this period are probably of the greatest significance, since this period is 
relatively early in the life of the preparation when the complicating factors of 
cardiac and lung edema are at a minimum. The importance of these obser 
vations lies in the following: If the serum potassium increases accompany the 
therapeutic action of digitalis it is possible that mobilization of tissue potassium 
may be related to the therapeutic action of the drug. 

In an attempt to determine the effect of therapeutic doses of digitalis glycosides 
on the serum potassium, potassium exchanges have been calculated for the ten 
experiments which received therapeutic doses of Lanatoside C or Ouabain. 
The results of these calculations with the pertinent data for each experiment 
are given in table 1. As a control for these results, the same data are given for 
comparable periods from 12 experiments which received no drug (table 2 
The average values and range of variation of the potassium exchanges of these 
experiments and also from 21 experiments which received toxie doses of a dig- 
italis glycoside are given in table 3. These tables indicate that therapeutic 
glycoside doses cause a small but apparently significant increase in the rate of 
serum potassium increase over the control preparations. The approximate 
probable error of a blood serum potassium analysis is 0.25 mgm per cent (2, 24 
Ventricular tissue analyses of therapeutic dose hearts also indicate a loss of 
potassium from these hearts (28). [It should be pointed out that the differences 
between the rates of blood potassium increase of the control and therapeutic 
dose experiments would be more evident if longer periods of drug action were 
chosen. The period of duration of the drug action studied was limited to the 
time during which the external mechanical efficiency was increased over the 
efficiency which was present before the drug action. 

Toxic doses of a digitalis glycoside cause a very large inerease (15-fold 
in the rate of serum potassium increase even during the efficiency increase period 
of the drug’s action when as vet no major toxie effects are detectable 

The averages and extremes for the eal ulated potassium CX hanges dus ing th 
efficiency increase period and othe pertinent data for the experiments with 
Lanatosides A, B and C are given in table 4, along with similar data from com 
parable periods of control « xperiments and from the control periods of the drug 


experiments. The data included in table 4 show conclusively that the pure 
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glycosides of Digitalis lanata cause a highly significant increase in the blood 
potassium content of the heart-lung preparation. 

The rate of blood potassium gain has been plotted against the total dose of 
the drug (expressed as milligrams of drug per 100 grams of initial ventricular 
weight) for each experiment. The results for the experiments with Lanatoside 
A are shown in figure 3. The correlation coefficients between dose and rate of 
blood potassium increase has been calculated® for each of the Lanatosides with 
the following results: Lanatoside A, 0.873 + 0.163; Lanatoside B, 0.853 + 
0.151; Lanatoside C, 0.959 + 0.100. These correlation coefficients are statis- 


TABLE 1 
Effects of cardiac glycosides on the heart-lung preparation: blood potassium increase during 
the period of incre ased efficiency produced by therape utic doses of cardiac glycoside sin 


relation to the amount of drug and the efficiency increase 


TIME FROM 
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M-3S Lanat. C, 45 0.111 984. 0.051 76 | 29)1.6 j1 
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7 
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aanat. C 33/0.17)14.! 


5 
3 5 
M-46 Lanat. 58 0.172 |1287| 0.078 SO 380.5 | 
M-47 Lanat. C) 79 0.051 |1127) 0.036 89 107 180.0 | 0.0 4.88:0.92)10.4 
M-97 Ouabain | 67 0.015 (1310) 0.008 60 | 88 | 280.2 | 
M-98 OQuabain | 52 0.017 (1290) 0.007 57 | 87 | 3010.6 | ? 115.8 
M-100 QOuabain , 57 0.044 0.017 65 95 300.5 | 
M-101 Ouabain 124 0.040 |1300) 0.038 58 | 90 320.0 | 0.0 0.0 + 16.4 
Lan. C Lan. C 
Average 69 0.127 1200 0.074 85 115 310.66) 7.800.2425.370.50/14.9 
Ouabain Ouabain 
0.029 0.018 


tically highly significant, indicating a positive correlation between the rate of 
blood potassium increase and the dose of each glycoside. The slopes of the 
correlation lines for individual glycosides are significantly different, showing 
that each of the glycosides studied has a characteristic potency in producing an 
increase in the serum potassium of the heart-lung preparation. The correlation 
coefficients obtained when the dose of the drug was expressed in terms of blood 

5 The correlation coefficients were calculated as described by Fisher (33) without the use 


of Sheppard’s adjustment. The calculated standard deviations were corrected for the size 
of the sample. 
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concentration were slightly smaller in each case, an indication that in the 
heart-lung preparation the effects of these glycosides are determined more by 
by the amount of drug per unit of tissue than by the concentration of the drug in 
the perfusion fluid (25). However, the difference between the correlation 


efficients in the individual case was not statistically significant 


TABLE 2 
Heart lung preparat ons 
Control experiments (no drug 


Comparable control periods for the efficiency increase periods of the therapeutic dose 
experiments. (50 min. period from SO to 130 min. after the start of the preparation 


RATE BLOOD 
GM. 


WEIGHT PERIOD 
LE HR 
ce mem mom mem 
M-33 | 73 1306 —(),1 —1.30 | —0.025 14.8 
M-34 | 63 1132 0.3 3.40 0.065 6.00 3.45 IS.4 
M-39 50 1246 0.6 7.47 0.179 8.17 5.70 1.6 
M-43 55 1136 0.1 1.14 0.025 1.65 i.25 12.8 
M-58 56 1150 0.1 1.15 0.025 16.2 
M-59 53 1172 —0.3 —3.52 0.080 7.3 
M-60 55 1104 0.5 5.52 0.120 5.7 
M-62 63 1318 0.0 0.0 0.0 12.8 
M-70 102 1200 —3.60 —().042 
M-72 27 1200 0.0 0.0 0.0 1.4 
B-2 67 1200 —0.2 =? 40 0.042 12.5 
3-3 83 117] 0.2 9 35 0.03 4.5 
Average 70 1200 0.07 0.85 0.041 6.27 1.50 5.0 
TABLE 3 
Average serum potassium changes during the period of increased cardiac efficiency prod 
by cardiac gl ycosides and in con parable control pel ods in heart-lung preparation 
MBER 
MGM. PER 10) les 
No drug 12 0.07 0.3-0.6 0.041 0080-0179 
Subminimal dose 2 0.4 0.3-0.5 0.092 0.074-0.190 
Therapeutic dose 10 0.66 0.0-1.8 0).242 0.0 
Toxie dose 21 o.2 1.5-9.5 0.600 (). 285-1.12 


The available data do not allow a direct answer to the question of whether 
the serum potassium increases are related to the toxic, the therapeutic, or both 
tvpes of digitalis action in the heart-lung preparation. Very probably the 
possible effects of the observed serum potassium increase on the function of the 
heart and lungs are mainly related to the rate of or total loss of potassium from 


the tissues or to local concentration changes rather than to the circulating serum 
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potassium concentration levels. This concept is supported by the fact that 
little or no correlation was found between the serum potassium concentration 
levels and the therapeutic or toxic actions of these drugs and also by experiments 
in which the serum potassium concentration was increased by injection of an 
isotonic solution of potassium chloride (29). In order to compare the calculated 


serum potassium exchanges with the toxie and therapeutic actions of these drugs 


rABLE 4 
Effects of cardiac glycosides on the heart-lung preparation: blood potassium increase during 
the per od of increased efficiency prod iced by cardiac glycoside in relation to dose 


and efficiency increases* 


IME FROM = 
a x START OF = 
sal = PREPARA = 
2 = a 
5 = = 5 ~ Z 
mem men 
( L pe 1185 15 7 24 4 0) 4 11 
ig 122 144 18 145 3 1.2 14.4 261) !1 0) 1 
I 1290 107 15 7 2.07 41 21 2.68 13.8 
( i lod 0.08 4 4( 12.5 
127 7 ).18 8.17 2.51)| 18.4 
kx 120) 0 131 7 S5 ) 4] 7 1.77 ) 
( I 1100 ) { 12 
1304 21.8 ).35 9 7 
7 L180 4 7.92 ).122 2 14.7 
I e A 27 8.7 4 7 
12 4.31 142 9.35) 20 q 7 1 ) | 
I 4 28 | 1294 1.54 1 44.4 H $ 13.9 
| I i e | 74 ) 45 7 2 
122 47 44 l 134 1s4 ri S5 15 
Ex n 12 2.61 78 12 4.4 
4 ( 45 s4 2 49 2 
l 115 l $3.2 
Experit 7 1S 127 4.24 4 
* Bracketed figures extreme 1LUeS cketed figure erage \ ( mparable I I 
toside I expe m ts ( I \ me 


it is necessary to devise some means of quantitating these toxie and therapeutic 
actions. 

The therapeutic activity of the drugs studied in these experiments consists 
of their ability to produce an increase in the external efficiency of the heart-lung 
preparation. This ability may be measured for any of the drugs used by deter- 
mining the amount of efficiency increase per unit of the drug or by determining 


the minimum dose of the drug which will arrest or reverse the decrease in ex- 
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ternal efficiency of the preparation. As might be expected from the variations 
in degree of failure, ete., in different preparations, the amount of external effi 
ciency increase per unit dose of a digitalis glycoside varies considerably from 
experiment to experiment. The minimum efficiency increasing dose however is 
considerably more constant and has been adopted by Moe and Visscher (25) as 
a means of measuring the relative therapeutic activities of these drugs. 

The toxie digitalis action manifested in these experiments consists of the 
production of various types of cardiac irregularities (various types of block, 
auricular or ventricular asystole, aberrant rhythms and extrasystoles, ventric 
ular svstolic arrest, and atrial or ventricular fibrillation). The most convenient 
measure of the toxicity of the dose of a glycoside used for any experiment is the 
duration of drug action before the onset of cardiae irregularities 


3 
2 
uw 
° 
3 
= 
= 
2 
6 
= 
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Divided Dose 
8 Single Dose 
a Gontrol Experiment C) 
z Control Periods 
w «0.0 1.0 20 3.0 40 
« 
S TOTAL DOSE OF LANATOSIDE A MGM./iOOGM. OF INITIAL VENTRICULAR WEIGHT 


produced by the glveosicde All doses ‘‘toxie.’’ average dur 


minutes 


If the serum potassium increases resulting from digitalis action were directly 
related to the irregularity producing action of these drugs, it might be expected 
that a correlation would exist between the time for the onset of these irregularities 
and the rate of serum potassium increase during the latent period of irregularity 
production. This possibility has been tested by plotting the duration of drug 
action before the onset of cardiac irregularities against the rate of serum potassium 
increase during this period. The correlation coeficient, caleulated from. the 
20 experiments in which irregularities occurred after administration of one of the 
Lanatosides, was —0.303 + 0.224. This correlation coeflicient would occur in 
approximately one out of every five 20 sample trials because of errors in random 
sampling alone. Apparently little if any correlation exists between these two 


actions of the digitalis glycosides studied. 


| 
| 
Fig. 3. Heart-lung preparations. Relationship of the total dos Lanatoside A 
blood potassium increase during the period of ( ed ext mec! ef] ! 
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If the serum potassium increases are related to the efficiency increasing action 
of the digitalis glycosides a correlation might be expected to exist between the 
magnitude of the efficiency increase and the rate of serum potassium increase 
during the efficiency increase period. The increase of external efficiency has 
been plotted against the rate of serum potassium increase for both the toxic and 
therapeutic dose Lanatoside experiments (fig. 4). Reference to figure 4 shows 
that the increases in efficiency and increases in potassium liberation are con- 
comitant phenomena. The correlation coefficient calculated from these data 
is 0.790 + 0.123, indicating that a statistically significant positive correlation 
exists between these two actions of the digitalis glycosides studied. 

In these heart-lung preparations it has been found ‘that the product of the 
initial dose of any one digitalis glycoside and the duration of drug action before 
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Fig. 4. Heart-lung preparations. Relationship of the blood potassium increase during 
the period of increased external efficiency produced by the glycoside to the increase in 
external mechanical efficiency of the heart. 


the onset of cardiac irregularities is approximately constant. Each glycoside 
studied had a characteristic “dose-irregularity constant” which is an inverse 
measure of the drug’s toxicity for the heart lung preparation. 

The potassium mobilizing power of each glycoside has been calculated by 
dividing the average rate of potassium increase in the experiments carried out 
with each glycoside by the average dose of the glycoside. The relative potencies 
of the different glycosides studied in producing various toxic and therapeutic 
effects have been compared (table 5). Table 5 indicates that in the heart- 
lung preparation the relative toxicities of these glycosides correspond poorly 
with their relative efficiency increasing powers, and that their relative potassium 
mobilizing power corresponds somewhat more closely to their relative efficiency 
increasing activity than to their relative toxicities. 


| 
| 
\ 


— 


EFFECT OF CARDIAC GLYCOSIDES ON BLOOD ELECTROLYTES 17 


The evidence presented is of an indirect nature but it uniformly indicates 
that the liberation of potassium from the tissues in the heart-lung preparation 
by digitalis is more closely related to the therapeutic efficiency increasing effect 
than to the toxic irregularity producing action of the glycosides studied. 

The problem as to the source of the increased blood potassium resulting from 
digitalis action in the heart-lung preparation has been attacked from several 
different angles and the results allow definite conclusions. Ventricular mus 
culature analyses (28) clearly show that at least part of the potassium is liberated 
from the heart muscle. Additional proof of this obtained from experiments 
on the completely isolated heart preparation. In this preparation digitalis also 
causes an increase in blood potassium (fig. 5). The only possible source for the 
increased blood potassium in this type experiment is the heart muscle. 


TABLE 5 


Relative toxic and the rapeutic potencies of cardiac glycosides 


ABSOLUTE VALUES RELATIVE VALUES 
Lanatosides Lanatoside kK 
4 B ( B ( 
Minimum lethal dose (mgm. 
per kgm.) Cat 0.32 | 0.40 | 0.23 1.20 1.00 1.33 
Dose-irregularity constant * 
Heart -lung 0.88 1.06 0.19 0.077 | 1.21 | 1.60 5.57 | 13.7 
Minimum efficiency dose 
Heart -lung 0.857 | 1.750 | 0.097 | 0.048 | 2.03 | 1.00 | 17.9 36.4 
Potassium mobilizing powert 
Heart-lung 0.283 | 0.147 | 1.58 3.66 1.92 | 1.00.) 10.8 24.9 
* (Dose X minutes drug action before irregularities) /100 


+ Milligram of drug per 100 grams of edema corrected ventricular weight 


t~ Milligram of serum potassium increase per gram of ventricle per hour per milligram of 
drug. Cat lethal dose data taken from Kaplan and Visscher (1940 


That part of the increase in blood potassium resulting from digitalis action on 
the heart-lung preparation originated from the lungs can be deduced by 
comparing the average loss of ventricular potassium determined by tissue 
analyses (28) with the much greater average total increment in blood potassium. 
Experiments with completely isolated, artificially respiring, blood perfused 
lungs show that in these preparations digitalis glycosides can cause a large 
increase in blood potassium content (fig. 6) which must originate from the lungs. 

In a number of experiments the initial lung potassium level has been deter 
mined by removal of a lobe of the lung for analysis at the start of the preparation. 
A knowledge of the total blood potassium increment coupled with cardiac and 
lung analyses at the end of the preparation allow a calculation of the approximate 
potassium exchanges between the blood, the heart and the lungs which occurred 
during the experiment. Calculations based on this type of experiment indicate 
that in control experiments practically all of the relatively small blood potassium 
increment originates from the lungs. 
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In experiments receiving toxic doses of digitalis glvcosides both the heart and the 
lungs lose considerable amounts of potassium, the loss from the lungs frequently 
accounting for more than half of the total blood potassium increment. These 
calculations are based on the assumptions of a normal lung weight to body weight 
ratio and the homogeneity of the lung tissue potassium content, so that they are 
of little value as a means of calculating quantitative exchanges. 

Discussion. The similarity that exists between the water, potassium, and 
sodium content of voluntary and cardiac muscle cells (80) lends considerable 
support to the view that the electrolyte and water exchanges which result from 
voluntary muscle activity may also result from cardiac muscle activity. This 
concept gains indirect additional support from the present studies on the effects 
of cardiokinetie glycosides on the electrolyte metabolism of the heart-lung 
preparation. 

The digitalis-electrolyte studies carried out on the heart-lung preparation 
confirm in most respects previous investigations carried out with other type 
preparations. The lack of sensitivity of the methods used in the earlier studies, 
however, precluded the determination of the relatively small potassium ex- 
changes which might be expected to result from smaller doses of digitalis. The 
present studies, although they do not offer incontrovertible proof, show that in 
all probability “therapeutic doses” of digitalis in the heart-lung preparation 
cause the same type of electrolyte and water exchanges as those which result 
from toxic doses of digitalis, the only essential difference being in the magnitude 
of these exchanges. The cardiac muscle cell electrolyte exchanges resulting 
from digitalis action are apparently almost identical with the voluntary muscle 
cell electrolyte exchanges resulting from contraction, namely, a loss of muscle 


cell potassium in exchange for an equivalent amount of sodium | 

The cause of these cardiac muscle cell electrolyte exchanges is a matter of 
speculation. It has been conclusively demonstrated that digitalis has direct 
effect on the contractile power of cardiac musculature, increasing the amount of 
tension developed during a contraction, the capacity for work output and the 
fraction of the total energy liberated which is converted to work (mechanical 
efficiency). Fenn (31) has shown that the amount of potassium lost from volun 
tarv muscle cells during activity varies directly with the amount of tension de- 
veloped. It does not appear unreasonable to postulate that the potassium loss 
from cardiac muscle during digitalis action may result from increased cardiac 
activity (increased work output and tension developed), i.e., the therapeutic 
action of digitalis. Such a postulate based upon the correlations found between 
therapeutic digitalis effects (increased work output) and tissue potassium mo 
bilization and the similarities between the electrolyte composition of cardiac and 
voluntary muscle appears to be one of the simpler, logical interpretations of the 
results obtained in this study. 

The actual cause of the potassium loss from muscle cells during contraction 
remains, as vet, an unsolved problem. Evidence is accumulating (1) which 
indicates that potassium loss from musele may be connected with the funda 
mental energy liberating processes of muscle contraction. That digitalis in 
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some manner effects these processes, and that potassium loss from the muscle 
may be connected with this action of digitalis does not seem unlikely. 

The concept that potassium loss from cardiac muscle is purely a toxic mani- 
festation of digitalis action as postulated by several investigators is not supported 
by these studies. Therapeutic digitalis effects as well as the toxic effects are 
accompanied by increased rates of serum potassium increase. Little if any 
correlation can be found between rates of serum potassium increase, total serum 
potassium increase, or serum potassium concentration and the toxic digitalis 
effects. Guttman and Cattell (32) have shown that increase of the potassium 
concentration at the surface of striated muscle cells will, under special cireum- 
stances, produce an increase in twitch tension similar to that produced by oua- 
bain. They found that increased extracellular potassium did not cause the 
decreased efficiency of contraction (toxic effect) resulting from digitalis action. 

The toxie and the therapeutic actions of a drug are in many instances gra- 
dations of the same fundamental actions. From this point of view, therapeutic 
doses of digitalis produce cardiac potassium exchanges which are in a sense 
comparable to those occurring in normal voluntary muscle contractions, while 
toxic doses of digitalis produce losses of cardiac potassium which are comparable 
to the potassium loss from voluntary muscle which oceurs when the muscle is 
stimulated to exhaustion. 

The actual cause of the toxic digitalis effects (arrhythmias) seen in these 
experiments has not been elucidated; however, these effects do not appear to be 
produced by changes in the distribution of potassium alone. 


SUMMARY 


The effects of digitalis glycosides on blood electrolyte levels have been studied 
in 75 heart-lung preparations and in a number of control experiments. In some 
of these experiments whole blood potassium, glucose, cell volume, and serum 
sodium, calcium, and chloride analyses have also been carried out. These 
analyses and calculations based upon these analyses lead to the following con- 
clusions: 1. In an untreated control heart-lung preparation a variable degree 
of hemoconcentration, a tendency for a slow increase in serum potassium, and a 
progressive fall of blood glucose occur. Constant changes in serum, sodium, 
calcium, and chloride were not found. 2. Suitable doses of digitalis cause con- 
comitant increases in external mechanical efficiency and blood and serum po- 
tassium along with a questionable decrease in serum sodium. Significant 
differences from the untreated preparations were not demonstrated in the other 
blood components studied. 3. Therapeutic doses of digitalis glycosides pro- 
duce relatively small but apparently significant increases in serum potassium. 
4. A positive correlation was demonstrated between the total dose of a digitalis 
glycoside and the rate of serum potassium increase both during the efficiency 
increase period and for the duration of the drug’s action. 5. The increased 
external efficiency and increased rate of potassium liberation which occur after 
suitable doses of digitalis are concomitant phenomena but a simple relationship 
between these two actions of digitalis on the heart-lung preparation is not evi- 
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dent. 6. Little if any correlation was found between the time of onset of dig 
italis irregularities and the rate of serum potassium increase or the potassium 
concentration of circulating serum. 7. The relative potassium mobilizing 
powers of the glycosides studied correspond somewhat more closely to their 
relative therapeutic activities than to their relative toxicities for the heart-lung 
preparation. 8. An increase in blood and serum potassium results from. thi 
action of suitable doses of digitalis glycosides in both the completely isolated 
heart and the completely isolated lung preparations. 9. The increased blood 
potassium resulting from digitalis action on the heart-lung preparation orig 
inates from both the heart and lung tissue. 
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In the assay of substances which depress gastric motility authors have been 
careful to state whether or not such substances affected body temperature. It 
seems to be the consensus of opinion that slight elevations of body temperature 
do not affect gastric motility, while considerable elevations will depress it (2, 9, 
10, 12). It seems to us that, in the light of our present findings, this opinion 
ought to be revised. Our present work was prompted by a number of observa- 
tions on dogs in which subfebrile doses of p\ rogenic substances were followed 
by more or less profound and prolonged inhibition of gastric motility (13). 

The mechanism of gastric inhibition following elevation of body temperature 
is not known. Local diathermy of the stomach of dogs did not inhibit normal 
motility, although intragastric temperature was raised by 0.6° and IC. (1 
On the other hand, exposure of dogs to high environmental temperatures was 
followed by inhibition (2, 3). Meyer and Carlson (2) produced fever of 39.4 
to 40.6°C. in dogs by injections of sodium nucleate, peptone Witte and a vaccine 
of B. prodigiosus; absence of hunger contractions and gastric atony were ob- 
served. Temperature elevations of only 1 or 2 degrees above the normal had 
little or no effeet. Inhibition of intestinal motility by pyrogenic substances has 
heen reported by various authors, but body te mperatures were not stated (4-6). 
Section of the vagus nerves abolished gastric inhibition following the injection 
of pyrogenic substances, although temperature reactions occurred (2). Various 
bacterial toxins did not affect strips of the dog’s stomach (2). These observa- 
tions point to a central mechanism for inhibition. On the other hand, the 
findings of Faber and others, on the occurrence of gastritis in infectious disease 
points to local toxic effects on the gastric mucosa (7 

In the human a slight elevation of body temperature may or may not depress 
gastric motility depending, apparently, not so much on the elevation of body 
temperature, but on the nature of the agent producing fever. Thus Beaumont 
reported among his observations on Alexis St. Martin that ‘in febrile diathesis 
or predisposition from whatever cause... the villous coat becomes sometimes 
red and dry, at other times pale and moist, and loses its smooth and healthy 
appearance” (8, p. 107). Carlson, reporting about his subject with a gastric 
fistula, Fred Vieek, “she has had a few attacks of mild gastritis, in three cases 
associated with nose and throat colds with some temperature. During these 
attacks, the empty stomach remains somewhat atomic with complete absence of 
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the hunger contractions.”’ Carlson has taken records on himself during two 
attacks of cold and tonsillitis with antrum infection; these ‘did not completely 
abolish the hunger contractions except when sufficiently severe to induce eleva 
tion of the body temperature to 101 or 102°F.,” (38.3 or 38.9°C.), (9, p. 279 
Meyer has reported more or less normal hunger contractions in most of his sul 
jects suffering from various degrees of pulmonary tuberculosis. In these patients 
body temperature during the experiments varied between 37.2°C. and 38.3°( 
10). On the other hand, Rupp, who induced fever in himself and other subject 
by injections of typhoid vaccine and sodium nucleate, found that when the 
temperature elevation reached 37.8 to 38.9°C. the strength or duration of the 
hunger contractions showed practically no deviation from the normal, but 
elevation of temperature between 40 and 40.5°C. usually rendered the empty 
stomach atonic (9, p. 286). 

EXPERIMENTAL PROCEDURES. Normal healthy dogs were given stainless 
steel gastrostomy cannulas* in an aseptic operation and allowed to recover for 
two weeks. The animals were kept on a diet consisting of a commercial dog 
food containing meat, fat, rolled oats and vegetables, to which bone meal, 
brewers’ yeast and cod liver oil were added. Once a week the animals rececved 
an ounce of dried ox blood with their diet. The dogs were healthy and of good 
appearance, most of them gaining weight. All animals had been in the labora 
tory for periods of six months to two years. The dogs were trained to lie on a 
padded table unrestrained, with their eyes covered. They were accustomed to 
intravenous injections and to the taking of rectal temperatures. Food but not 
water was withheld for 18 hours before each test performed once, and rarely 
twice, a week. A balloon was introduced into the stomach and connected to 
a manometer filled with an oil carbon tetrachloride mixture with a specific 
gravity of 1.5. The balloons were inflated gently With air to a wate) pressure 
of about 8em. WKymograph records of gastric motility were taken over periods 
of 4 to 8 hours. In order to obtain vigorous and continuous gastric motility 
small doses of prostigmine® were injected subcutaneously 30 minutes before the 
beginning of the experiments, when the stomach cannula was opened and the 
gastric contents allowed to drain. The proper dose of prostigmine had to be 


found for each dog because too large a dose would produce vomiting and d 


comfort of the animal, while too small a dose would not be effective. By this 
method, continuous gastric motility of more than 5 hours’ duration was ob 
tained. Numerous controls of this stimulated gastric motility were taken and 
repeated at intervals on each of the nine dogs used. Rectal temperatures were 
taken at frequent intervals. All preparations used in the « xperiments reported 
below were administered intravenously. Before the injection of the pyrogeni: 


substance a control of stimulated gastric motility was recorded in order to a 

certain the presence of vigorous and continuous gastric activity. “Phe room tem 

perature at which the experiments were performed ranged between 70 and 75° 1 

At the lower range of room temperature the dogs were covered with blank 
Gold plated 
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The results of our experiments were computed in the following manner: The 
average height of contractions during the control period and following injection 
of a pyrogenic substance was determined and the effects of the pyrogens are 
expressed as percentage of the control values. In order to facilitate the reading 
of our table, + signifies 33 per cent depression, +-+-, 33 to 66 per cent, and 
+ -+--+-, 66 to 100 per cent depression of stimulated gastric motility. Only such 
results are reported in which inhibition of 33 per cent and above occurred. 

Usually, when a healthy dog is resting comfortably, his rectal temperature 
will drop for a few degrees Centigrade, but the contrary has been observed in a 
number of instances; thus a rise of 0.2°C. was not uncommon, and once a rise 
of 0.8°C. was observed. The s.c. injection of prostigmine did not seem to affect 
rectal temperature. The rectal temperature of the dog is not as constant as 
that of the human. However, in order to use rigid standards for non-pyrogenic 
effects of the substances employed in this study only such results are reported 
here, in which rectal temperatures of healthy dogs did not rise beyond 0.3°C. 
following the injection of these substances. Our procedure for the establishment 
of a dose of a pyrogenic substance which would not change the rectal temperature 
of a dog was to inject a test dose first, which usually evoked chills, high fever, 
vomiting, diarrhea, ete. In subsequent experiments this dose was gradually 
diminished, until no rise of rectal temperature occurred. In most of these latter 
experiments the animals remained comfortable, with the exception of a short 
chill and vomiting in some tests (see table 1). The results of experiments with 
fever reactions will be mentioned briefly only, since such observations have been 
described by others (v.s.). From a great number of experiments, in many 
of which rectal temperature rose only 0.4 to 1.0°C., a rise of temperature which 
many consider to be within normal limits for the dog and inconsequential in 
the evaluation of their results, we present here only such experiments (38 on 9 
dogs), in which rectal temperature did not rise bevond 0.3°C. for a period of time 
of 2 to 4 hours after injection of the pyrogens. 

The following substances were administered intravenously: Pentnucleotide,‘ 
thymus and veast nucleic acid,® extracts prepared from various peptones,° 
B. coli vaccine and triple typhoid vaccine,‘ a crystalline preparation of bacterial 
pyrogen,’ and ordinary tap water, brought to isotonicity by the addition of 
0.9 per cent of NaCl. The nucleic acid preparations were alkalinized lightly 
with NaOH before injection. 

Resutts. Injections of pentnucleotide resulted in a 33 to 100 per cent in- 
hibition of gastric motility in all 12 tests, with an average duration of 30 minutes. 
In one animal, complete suppression of gastric motility occurred with no change 
of rectal temperature, but the latter rose to 39°C. after normal gastric motility 

‘Supplied by Smith, Kline, and French. The manufacturers describe Pentnucleotide 
as a ‘mixture of the sodium salts of pentose nucleotides equivalent to 0.7 gram of pentose 
nucleotides per 10 ec.”’ 

> Prepared by Dr. M. Hanke, Dept. of Biochemistry, University of Chicago. 


Prepared by Dr. IX. Howell and Mr. B. Halpern, from the Dept. of Bacteriology, 


Michael Reese Hospital. 
7 Containing 40 mgm. of solid material per cubic centimeter of solution. 
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had been resumed; the animal vomited at that time In two other animals the 
period ot depression of gastric motilitv was followed by considerable hyvpermo 
tility of the stomach. — In one dog the period of more or less complete depression 
was followed by a 60 minute period of contractions as high as during the control 
period, but of distinctly diminished rate. 


TABLE 1 


De pression of gastri¢ motility hy non-p Jrogenetic doses of pyrogenic substances 


N ESTS WITH 
R RESSION OF rR PERIOD 
POTAL MOTILI M PRESSI 
NO 
N 
TEs! 
\ \ Aver \ \ 
mir mip 
Pe cleotide 0.25.0 O.9 ¢ 12 2 ) 4 4 
Nucleic acid, Thyt 10 100 mem 53 mgm 7 
Nucleic acid, Yeust 25 50) mgm 7.5 mgm 1.03 
Peptone extract 5 150 mem 50 mgm 4 4 
B. coli vaceine 12.5 millions 1 0 4) { 
Triple typhoid vaccine 25 150 millior 65 million 15 
( talline 
$0.04 mem 0.092 mgm 2 2-30 
Pap water with Nat 10 50 4 432 
Percent depression of stimulated gastrie motility 
In one animal temperature rose to 39°C. after cessation of inhibition and resumpt f maeotilit ind the dog ! 
ted In 2 animals depression was followed | considerable hy permotilit Another anima mited after imjeetior 
{ 1 ec ft pentnucle tick In another dog the rate of contractions fell from 4 per minute before ectior { ee 
pentnucleotide to L per 14 minutes Phis occurred after depression of height of « tractions had disappeared, a 
lasted for two hours 
In one animal, 3 minutes after injection of thymus nucleie acid, considerable permotilit sting 170 minute 
followed 
One animal had a short chill during depression of motility, with reetal temperature of 38° 
At end of period dog panted and temperature rose from 37.3 to 38.5% gastric tone and motility dropped 
muanutes 
In e animal gastric motility increased considerably 3 hours after injeetior In another animal chi india 
diminished rate of contractions occurred per minute in control, 1 per minute 65 minutes after injection, lasting ‘ 
hye 
One animal vomited at end of test 
Short chills and sneezing; no changes in rectal temperatures 
One animal vomited after depression was over and after worous motilt had been resumed 
One contraction in 3 minutes against Lin minute during control: average hewht of contract 


ifter injection 2 14 em 


Thymus nucleic acid had no depressant effect on gastric motility in all 7 
experiments. In one animal, a considerable degree of hypermotility followed 
the injection, lasting for 170 minutes. 

Yeast nucleic acid (fig. 1) had a profound depressing effect on gastrie motility 
One of these animals had a short slight chill during this period of depression but 
rectal temperature, taken during the chill, showed no variations from that of the 
control period, “The chemical composition of the various nucleic acids is known 
to be different. 

Peptone extracts had no effeets on gastric motility and on body temperature 


B. coli vaccine had a relatively slight depressant effect on gastric motility 
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lasting for 40 minutes. At the end of this period, the dog began to pant and 
its rectal temperature rose from 37.3 before, to 38.5°C. At the same time, 


| 30.4). Bul! I2.7Kg. Proshgmin 025 ma. sc. Control 30min 


Yeas Nucleic Acid 36 4 it 


Fig. 1. Depression of stimulated gastric motility by veast nucleie acid Note short 


Intent period 


| HO t2 Burke Prosliqmin 0.5m 444 


0.0icc B.P. #2 38 38° 38° 38° 
12:30 iv 1:00 1:30 00 2:30 


(2-13-41 Jerry 10 Kg. Prosfigmin 0.2mg sc Control 45min. 


382° 38° 36.3° 36.5° 382° 


hig 2 Depression of stim lates le austric motility by crys stalline baet erial pyrogen (B 


No. 2 Note long latent period with smaller dose and short latent period with larger dose 


gastric tone and motility dropped precipitously for 830 minutes. Panting per se 


can raise the temperature of a dog, and the accompanying changes in the blood 


may also affect the stomach. 
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Triple typhoid vaccine had no depressant effect in three experiments. In one 
of these, gastric motility increased considerably three hours after the injection, 
with no change in rectal temperature. In another test the rate but not the 
height of contractions decreased materially, but this result is counted as negative 
In five other experiments with this vaccine, varying degrees of inhibition ot 
gastric motility were obtained. In one of these experiments the animal vomited 
at the end of the test, but its body temperature was not elevated. In anothe: 
one, short chills and sneezing occurred during the period of depression without 
a change in rectal temperature. 

The crystalline preparation of pyrogen was ineifective in two animals and pro 
duced more or less profound depression of gastric motility in four other exper- 
ments with an average duration of 55 minutes (fig. 2). 

Tap water, which usually contains pyrogens, produced depression of gastric 
motility in three experiments and was ineffective in one. In this latter experi- 
ment, the rate of contractions was one per minute during the control period, 
with an average height of 6 cm. Following the injection, the rate was one per 
three minutes, and the height varied between 2 and 14.em. This may be con- 
sidered inhibition because the rate of contractions was lowered, but we feel that 
the evaluation of this experiment is difficult, and therefore classified its result 
as negative. 

Discussion. A study of table 1 reveals that there was a more or less char- 
acteristic difference in the kind of depression produced by the various substances 
employed. The latent periods were relatively short in the case of pentnucleo 
tide and yeast nucleic acid, and they were considerably longer with bacterial 
pyrogens. The periods of depression were considerably longer with typhoid 
vaccine and with the larger dose of crystalline pyrogen than with pentnucleotide, 
veast nucleic acid, and tap water. 

Some of the negative results reported in table 1 probably were due to insufh- 
cient doses and possibly also to individual variations in the susceptibility of the 
same or of different dogs to pyrogenic substances. Therefore, not all of the 
negative results can be taken as a proof that doses of pyrogens small enough not 
to affect rectal temperature will not have an effect on gastric motility. We 
feel that, in a number of the negative experiments, the dose of pyrogen ad- 
ministered was below the threshold necessary to produce gastric depression. 
In many experiments (not reported here) in which rectal temperature rose 
beyond 0.3°C. following the injection of substances employed in this study, pro- 
nounced inhibition of gastric motility resulted. In a great number of these 
experiments, body temperature did not rise beyond values considered by many 
within the normal range for the dog, i.e., 37.0 and 39°C. In others, fever of 
varying degree resulted. In most of these dogs, one or more of the following 
symptoms appeared: panting, chills, trembling, retching, vomiting, urination, 
defecation, and general discomfort. We feel that discomfort of the animal, 
possibly associated with increased activity of the adrenal medulla, may produce 
gastric inhibition. All of the substances used in this work were followed by 
profound depression of gastric motility, when given in larger doses. It is of 
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interest to note that a rise of rectal temperature could occur at the end of the 
period of inhibition, when gastric motility was on the increase (table 1). 

Meyer (2) reported a few experiments in which rectal temperature did not 
rise bevond 0.3°C. following the injection of peptone Witte, but in all of these 
experiments vomiting, urination, defecation, dyspnea, restlessness, etc., were 
observed. 

In a number of our experiments depression of gastric motility was not con- 
tinuous; at times there appeared a release (‘‘escape’’) of the inhibition and mo- 
tility was resumed for more or less short periods of time. In some experiments 
the motility during those intervals was considerably greater than in the control 
period. This was followed by depression and, in a few experiments, the process 
was repeated a number of times. Wherever chills and vomiting occurred, 
they followed the larger doses of the substances employed. Chills were observed 
during motility as well as during depression. In a number of experiments gastric 
motility increased following injection of a pyrogenic substance. 

Our results show that such small doses of pyrogenic substances which will 
not produce elevation of body temperature can produce more or less profound 
inhibition of gastrie motility. This may be of interest to the physician who 
observes gastric disturbances in a great number of cases of colds, flu, antrum 
infection, etc., in which only subfebrile temperatures prevail. This may be due 
to minute amounts of pyrogenic substances released into the bloodstream in 
these infections. 

Our results also indicate that we have to be extremely careful in assaying 
preparations which inhibit gastric motility, and that the mechanism of action of 
such preparations must be evaluated rigidly before claims for specificity are 
raised. Purified preparations of inhibitory substance from urine, which we have 
described first (see 11), are usually assayed for pyrogenic effects with the doses 
used to obtain depression of gastric functions. These doses do not produce 
temperature reactions in rabbits and dogs. Larger doses than necessary for 
obtaining distinct gastric depression will, however, produce pyrogenic reactions. 
It may be, therefore, that such and similar preparations are being used in sub- 
threshold doses with regard to temperature reactions, but in sufficient doses to 
produce gastrie inhibition. We have stressed this earlier (13) and recently 
Ivy’s associates have agreed that their purified preparation from urine may con- 
tain traces of pyrogens (14). We do not want to assume here, however, that 
enterogastrone and the gastric inhibitory substance from urine owe their effects 
on the stomach solely to a content of pyrogen. We believe that they will be 
proven finally to be specific substances of a humoral character. We feel, how- 
ever, that our results should be a warning for the rigid testing of such and similar 
biological materials, and for the elaboration of methods and experiments which 
will eliminate the presence of pyrogenic contents in these substances as possible 
factors in gastric depression. 

Secretion experiments with the substances used in this work have shown 
conclusively that gastric secretion can also be inhibited without rise of body 


temperature, 
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SUMMARY 


The effeets of such small doses of pyrogenic substances that would not produce 
elevation of body temperature in the dog were tested on gastrie motility stimu 
lated by prostigmine. The following substances were used: Pentnucleotice 
thymus and veast nucleic acid, B. coli vaccine, triple typhoid vaccine, a crystal 
line preparation of a bacterial pvrogen, and t ip watel In a great number of 
experiments, depression of gastric motility resulted with no change in rectal 
temperature and with no subjective signs in most of the animals. The relation 
of this finding to dyspepsia during colds and other infectious diseases in which 


no or only a slight elevation of body temperature occurs, is discussed Phi 


importance of this finding in relation to biological pre parations which depress 
gastric activity is pointed out because these preparations may contain sub 
threshold doses of pyrogens in regard to body temperature, but not in regard to 


vastrie function. 
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The metabolic processes taking place in the cells of an organism are always 
accompanied by the production of heat. Numerous investigations of recent 
years have demonstrated the réle of chemical regulation in maintaining constancy 
of temperature in warm-blooded animal organisms. Very little is known as vet, 
however, about the participation and comparative importance of the different 
viscera in this thermogenesis. 

There are references in scientific literature to the réle of the liver in the chemi- 
cal regulation of temperature. R. Dubois showed that in the marmot the first 
rise in temperature after the period of hibernation occurred in the liver. Eck 
fistulae delayed the awakening of such animals. According to Cavazine, 
Hirsch, Miieller and Rolly, the liver is always warmer than the blood in the 
aorta; it may be assumed, however, that this is due to the accumulation in the 
liver of a large amount of venous blood, which is warmer than that in the left 


heart. Animals with the spinal cord sectioned at the thoracic level practically 
lose their capacity for thermo-regulation after the vagus has been cut. The 
same effect is obtained after cutting or ligating the hepatic artery. According to 


Plaut, the destruction of plexus hepaticus completely stops the ‘secondary 
chemical thermoregulation.”” Thermoregulation is lost in the curarized dog after 
denervation of the liver. No firmly established date are available as to the 
nature of processes taking place in the liver during thermoregulation. The in- 
crease in combustion probably involves mainly nitrogen-free substances. On 
the other hand, Toenissen has found that surgical exclusion of the central nerv- 
ous system leads to an increase in protein metabolism, which is bound up with 
the mechanism of thermoregulation. Besides the liver, the other viscera also 
participate in the phenomenon of thermoregulation, but their réle has not been 
brought to light with sufficient clarity. 

Investigations have usually taken the form of acute experiments made on 
anesthetized animals. This obviously disrupted the normal course of the vital 
processes and influenced thermogenesis. Anesthesia completely changes the 
response of an animal to external temperature, and there is even a basis for be- 
lieving that the specific nature of thermoregulation in warm-blooded animal 
organisms is destroyed under the influence of anesthetics. This supposition is 
fully substantiated by the modern theory about the leading réle of the nervous 
system in thermoregulation; as is known, anesthetics cause profound changes in 
the functional state of the nervous system. We therefore thought it of interest 
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to study the participation of the different organs in the total thermogenesis with 
out the use of anesthetics. It was necessary, of course, to select a method that 
permitted the variations in the temperature of the visceral blood to be measured 
during the experiments, which would resemble physiological conditions as closely 
as possible. The method of angiostomy evolved by E.S. London fully satisties 
these requirements. 

Mrruop. We set ourselves the task of studying the angiothermotopography 
in angiostomized dogs under physiological and pathological conditions. 

Temperatures were measured by the thermoclectrical method, which is very 
convenient from the technical viewpoint, thanks to its accuracy, sensitiveness, 
speed and the possibility of changing the size and shape of the thermocouples in 
order to reach parts situated deep in the organism. Claude Bernard made use of 
the thermoelectrical method for studying the temperature of the blood and vari 
ous tissues of an organism. He was followed by a number of other investigators. 
Jeilberg and Lample inserted thermocouples in the vessels and tissues of the 
cortex of the brain, in which case the animals could be utilized only for two days 
Ascher and Schotmann attempted to measure the visceral temperature by means 
of thermocouples during acute experiments. Rein, who used thermoneedles, 
found that the blood in the renal veins was warmer than that in the arteries 
Hamilton in 1936 determined the temperature of the viscera during the first 48 
hours after an operation. Quite recently a substantial success was achieved by 
Marshak (U.S.8.R.), who evolved a method of inserting thermocouples into the 
viscera. 

We made special angiostomic thermocouples of nickeline and copper. The 
cold joint of the thermocouple was placed in a special thermostat, where a con- 
stant temperature was maintained within the limits of not more than 0.001 
Usually we used five thermocouples, which were connected through a switch with 
a reflecting galvanometer. All the thermocouples were carefully graduated on 
the day of each experiment. The experiments were made on angiostomized 
dogs having cannulas in the portal and hepatic veins. We entered the vessel 
with an angiostomic needle, being guided by the appearance of blood. The 
needle was fixed into the cannula and a thermocouple inserted into it in such a 
way that the thermocouple projected beyond the needle and its warm joint was 
immersed in the blood stream. We also measured the temperature in the ab 
dominal aorta and the rectum. In order to determine the temperature in the 
acrta, we inserted a thermocouple into the femoral artery and carefully pushed 
it upwards against the blood stream; as the thermocouple was 17 em. long its 
warm joint reached the abdominal aorta. By means of the switch we were able 
to measure in turn the temperature of the blood in the portal and the hepatic 
veins, the aorta and the rectum. Reading of the temperature was carried out 
according to the deviation of a ray of light reflected from the mirror of the galva 
nometer onto a seale situated at a distance of 2.5 meters. Each measurement 
lasted three to five seconds. Thanks to our thermocouples it was possible to 
measure the temperature of the visceral blood within the limits of 0.02° under 
physiological conditions without the use of vivisection or anesthetics 
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The present report deals with experiments made to study: 1, angiotheromo 
topography in normal fasting dogs; 2, angiothermotopography during local cool 
ing and heating of an animal, as well as during certain febrile states. 

lL. Angiothermotopography in normal fasting dogs. Ot utmost importance in 
this respect are the classical works of Claude Bernard, which were carried out as 
far back as the middle of the 19th century. Contrary to the hypothesis of La- 
voisier, Which was universally aecepted in his time, Claude Bernard showed that 
venous blood is warmer than arterial blood. Furthermore, he investigated in 
detsil the thermotopography in an organism, emploving a long tube fitted with 
a thermometer or a thermoelectrical needle to enter the left and the right heart, 
the aorta and the inferior vena eava through the carotid arterv and the jugular 
vein. He found that the blood in the inferior vena cava above the renal vein is 
of the same temperature as the blood in the corresponding section of the aorta, 
but that venous blood becomes warmer further on, that is, Venous blood cools on 
the periphery and grows warmer in the viseera. The blood in the portal vein is 
warmer than that of the aorta, which means that the blood absorbs heat while 
passing through the intestines. In the hepatie vein the blood is warmer than in 
the portal vein, thus pointing to thermogenesis in the liver. According to Claude 
Bernard, hepatie blood is the warmest in the body. Its temperature is 0.6to 
1.6° higher than that of the blood in the portal vein leading to the liver. It 
should be noted, however, that these were acute experiments. 

Few papers on angiothermotopography have been published since the time of 
Claude Bernard. One of these reports the unexpected results of Miller, Schast- 
navaand Jutkevich. These authors claim to have found the blood in the hepatic 
vein to be colder than that in the portal vein, the difference reaching under the 
conditions of their experiments up to —1.5°. According to Chimviez and Fisi 
kas, the liver has a higher temperature than the other organs 

Our experiments have given very clear and constant results. In the great 
majority of normal fasting dogs the highest temperature was obtained in the 
blood of the hepatie vein as compared with all other vascular areas or the rectum. 
The temperature in the hepatie vein was higher than that in the portal vein by 
0.05 to 0.1°. The difference was never very great. Only in ex¢eptional cases 
was the blood in the portal vein warmer than that in the hepatie vein. This 
negative difference varied from 0.01° to 0.05° or 0.07°. The temperature of the 
blood in the abdominal aorta was always lower than in any other of the areas 
studied. The temperature in the rectum was usually close to that in the portal 
vein, 

The difference in temperature between the portal and hepatie veins character- 
izes the thermogenesis in the liver; the difference in temperature between the 
aorta and the portal vein refleets the thermogenesis in the intestines. Our ex- 
periments have shown clear cut evidence of intestinal thermogenesis. This 
increase usually varied from 0.1 to 0.3° (see table 1). Claude Bernard noted this 
fact, but did not dwell on it, and recent literature does not mention it. Inei- 
dentally, the intestinal tract, w ith its great length and exceedingly active metabo- 
lism, cannot but play an important part in thermogenesis in the body. 
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Thus, by comparing our results with those of Claude Bernard, we see that the 
alues for intestinal thermogenesis are almost coincident. As for hepatie thet 

mogenesis, our experiments have eiven considerably lower figures than thos 
obtained by Claude Bernard. 

The seale of our experiments, the accuracy of oul methods and the way in 
\\ hich the phy siological conditions were reproduced warrant the behef that oun 
data are closer to reality. 

2. Experimental cooling and heating of animals. Having studied thermotopog 
raphy in normal dogs, we made some experiments on artificially cooled and 
heated animals. The experiments were carried out on dogs in winter conditions 
14 to 16 hours after their last feeding. The temperature was measured at the 


same points deseribed above. After stable temperature values had been obtained, 


TABLE 1 
Variations in the temperature of the blood and the re not? mal fasting 
A I AL EIN HE 4 EIN I I N 
5S 7S QQ 39.83 0.15 (). 23 
36 54 AH ayy 0.02 
14 TS +1) OS 0.0 
. 25 14 0.3 
O2 00 (0).27 
39 3096 39 OO +-() 
38.83 38.77 3S 0.06 
39.9] 3S S4 007 
38.87 38.95 38 +4) (SN 
39.63 39.91 39 S85 + () 


the animals were cooled by applying ice or towels soaked in cold water onto a large 
area of the skin on the back and hind legs. The cooling usually lasted from 30 
to 90 minutes and gave a very clear-cut effect. The temperature in the reetum 


always fell to a certain extent during the first 5 to 10 or 15 minutes. During the 
same time the temperature of other parts of the animal underwent significant 
changes. A distinguishing feature of these changes was a comparative rise in 

the temperature of the blood in the hepatie vein in relation to the portal vein and 
j the aorta. Thus the difference in temperatures between the hepatic veins and 


the portal vein and, especially, the aorta increased considerably. Tf prior to 
cooling there was a difference of 0.06 to 0.1°, it increased 3 to 6 times after cool 
ing. When the cooling agent was withdrawn, hepatic thermogenesis quickly 


returned to the original level. Restoration and reduction of the difference in 
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temperature between the blood flow into and out of the liver proceeded mor 
rapidly if the animal was warmed up under a special electric heater. 

In analyzing our data from twenty-five experiments on ten dogs, it is necessary 
to establish which processes are reflected in the variations in the difference in 
temperature between the inflowing and the outflowing blood. It goes without 
saving that this difference depends on two factors, i.e., thermogenesis in the liver 
and its blood supply. It must be assumed that the experimental cooling led to 
a dislocation in the blood supply to different parts of the organism so that cireu- 
lation was delayed on the periphery and accelerated in the viscera. If we assume 
that thermogenesis in the liver is not increased under local cooling, then accelera- 
tion of the blood circulation should reduce the difference in temperatures between 
the blood flowing into and out of the liver. Yet we never recorded such a redue- 
tion. On the contrary, the temperature of the hepatic blood was always much 
higher as compared with that of the blood in the portal vein and the aorta. In 
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Fig. 1. Thermal reactions of the liver to cooling and heating the animal body. Curve I 
represents the temperature of the liver; curve II that of the rectum. 


our opinion, these results indicate that the liver reacts to cooling by increased 
thermogenesis. Such a reaction is a reflection of chemical thermoregulation by 
the liver. In view of the speed with which it begins, it may be thought that the 
increase in thermogenesis is of a reflex nature. 

The experiments described above demonstrate the adaptation of the metabolic 
processes of the liver to a change in external temperature. 

We next proceeded to study angiothermotopography under conditions of in- 
trinsic overheating, i.e., during a febrile process. This investigation comprised 
a number of experiments with the transfusion of homogeneous and heterogeneous 
blood and the induction of anaphylactic shock. 

3. Experimental fever. a. Homogeneous transfusion. In this series of experi- 
ments the angiostomized dogs were injected with homogeneous blood of the same 
group to the amount of 10 to 15 ec. per kilogram of body weight. Altogether 12 
experiments were made. In most cases the general temperature of the dog rose 
by 0.3 to 1.4° during the experiment, which lasted 2 to 4 hours; in other words, 


| 
| 
| 
a¥ 


ROLE OF VISCERA IN REGULATION OF BODY TEMPERATURI 


there was a slight fever. The rise in the temperature in the rectum and of the 
blood was invariably preceded by a drop in the temperature in all other areas 
studied. As we suspected that this initial drop in temperature, which lasted but 
afew minutes after the transfusion, was due to the use of colder blood, in all sub 
sequent experiments the blood was specially heated to body temperature. This, 
however, did not alter our results. We shall subsequently dwell in detail on this 
phenomenon, which occurred very regularly. It is interesting to note that in 
spite of the general rise in temperature, angiothermotopography in the animal was 
not changed; the relation between the temperatures in the various vessels re- 
mained the same as before the experiment. 

Analysis of the data secured in these experiements shows no abnormality in 
angiothermotopography. Intestinal thermogenesis also remains practically un- 
changed. In view of this, we deem it possible that the febrile changes after 
transfusion are explained by a change in physical rather than chemical thermo- 
regulation. 

b. Heterogeneous transfusion. In this series of experiments the dogs were in- 
jected with the blood of another species. We used goat’s blood to the amount of 
5 cc. per kilogram of body weight. In almost all of the 15 experiments made in 
this manner a considerable rise in rectal temperature was observed, amounting 
usually to 0.3 to 1.8° in the first two or three hours after the transfusion. Just as 
in the preceding series the temperature fell for a few minutes prior to the develop- 
ment of the febrile state. An especially significant drop in temperature was 
invariably noted in the aorta. Measurement of the blood pressure during the 
experiments with heterogeneous transfusion showed that it decreased simultane- 
ously with the temperature in all the areas studied. This throws light on the 
origin of the initial drop in temperature. It must be assumed that the shock 
induced by heterogeneous transfusion is inevitably accompanied by retardation 
of the flow of blood and consequently by a cooling of considerable amounts of 
blood in the surface parts of the organism. Thus the right heart is supplied with 
cooler blood, which continues to lose heat while it passes through the lesser circle. 
Herein lies the explanation for the drop in temperature observed during the first 
minutes after transfusion and especially noticeable in the arterial system. This 
signifies that the changes in temperature developing during the period of the 
shock induced by heterogeneous transfusion are due solely to the changes in the 
circulation of the blood. In those cases when heterogeneous transfusion did not 
cause a decrease in blood pressure, followed by retardation of the circulation, we 
never observed any drop in temperature. On the contrary, the temperature 
began to rise during the very first minutes, particularly that of the blood in the 
aorta (see fig. 2). 

If we draw a parallel between these observations and the drop in the tempera 
ture brought about by homogeneous transfusion, we may conclude that in the 
latter case there also develop hemodynamic deviations which cannot be detected 
by the relatively crude and inert measurements of the blood pressure but might 
be revealed by a more delicate method, i.e., by determining the velocity of the 
blood flow. When analyzing our data on heterogenous transfusion, we may 
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speak about two stages in the dvnamies of the temperature shifts: 1, a stage re 
lated exclusively to the changes in circulation, and 2, the subsequent stage oi 
restoration of blood pressure and velocity of circulation. 

During the first stage, when blood pressure falls, the temperature drops in all 
the areas studied and also the difference in temperature between the aorta and 
the portal vein increases. But have we a right to assume that this increase is duc 
to heightened thermogenesis in the intestines? In this stage circulation is re- 
tarded and the blood stagnates in the viscera, which must inevitably lead to a 
corresponding increase in the arterio-venous difference. Thus the increase in the 
difference in temperature between the aorta and the portal vein during the first 


stage depends entirely on circulatory factors. 
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Fig. 2 Fig. 3 Fig. 4 

Fig. 2. Thermal reactions to heterogeneous transfusion. I, temperature of blood in 
hepatic vein; IT, in portal vein; IIT, rectal temperature; [V,in femoral artery; V, in intesti | 
nal vessels (1.e. difference between temperature in portal vein and femoral artery); VI, in 
liver (i.e. difference between temperature in portal and hepatic veins 

Fig. 3. Thermal reactions in heterogeneous transfusion. I, temperature of blood in 
hepatie vein; IZ, in portal vein; IIT, rectal temperature; IV, in femoral artery; V, in liven 

Fig. 4. Thermal reactions in anaphylactic shock. II, temperature Of Dio id in port | 


vein; III, in femoral artery; IV, reetal temperature 


Of considerable interest to us is the second stage, when the hemodynamics are 
restored both with respect to blood pressure and the velocity and time of circula- 
tion. ‘Turning to the changes in temperature in the various vascular areas, we 
see that the difference in temperature between the portal vein and the arteries as 
well as between the hepatic vein, on the one hand, and the aorta and the port il 
vein, on the other, continues to increase instead of diminishing. As circulatory 
influence is excluded in this stage this must be an expression of a genuine increase 
in visceral thermogenesis. ‘Thermogenesis in the liver as well as the intestines 
rises several times as compared with normal conditions. 

The foregoing experiments clearly demonstrate that the increase in visceral 


thermogenesis coincides in time with the rise in rectal temperature Hence the 
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conclusion may be made that thermogenesis in viscera (liver and intestines) pla 
i part in the febrile process which inevitably accompanies the introduction of 


forelgn protein. The nie echanism ol this action Is ol scure: OF some 


re probably the products of the disintegration of the proteins present in the 


transfused blood. Such a disintegration is the result of the colloidoclastic crise 

commonly accompanying blood transfusion. The newly formed substances acti 
vate visceral metabolism and thus increase thermogenesis \iter homogencou 
transfusion the products of protein disintegration accumulate probabls nomuch 


smaller amounts, Insufficient to activate visceral thermogenesis 

Anapl ylactic shock. The anaphylactic shock Wiis induced im seve ral UneLelo 
tomized dogs temperature measurements as above described. The results were 
similar to these obtained after hete rogencous translusion, except that the vari 
tions in temperature were more clear cut. As in the case of homogeneous and 
heterogeneous transfusion, the temperature dropped in all vascular areas, esp: 
elally in the aorta during the first few minutes following the second injection ot 
foreign blood see hg. This drop in temperature coimeided with the in thie 
blood pressure. During this period the increase in the difference in te miperature 
between the aorta and the portal vein was due to changes in circulation But 
after the circulation had been restored the difference in temperature continued 
to rise, owing to a genuine increase in thermogenesis of the intestines. — Intestinal 
thermogenesis reached very high values never obtained under other experimental 
conditions. Besides the inerease in intestinal thermogenesis, a rise in rectal 
temperature was observed, pointing to the conclusion that heightened thermo 
genesis in the viscera is one of the factors determining the febrile state afte: 


anaphylactic shock. 
SUMMARY 


1. Thermogenesis in the viscera (liver and intestines) was studied in normal, 
artificially cooled and heated animals, as well as during febrile states caused by 
homogeneous and heterogeneous blood transfusions. 

2. The experiments were made on angiostomized dogs with cannulas in the 
portal and hepatic veins; in each animal the rectal temperature and the tempera 
ture of the blood in the abdominal aorta and the portal and hepatic veins were 
measured, 

3. The thermoelectric method used throughout the experiments detected 
changes in temperature with sufficient accuracy and made it possible to stud) 
thermotopography in the organism. 

!. In normal fasting dogs the lowest temperature of the blood was found in the 
aorta and the highest in the hepatic vein. 

5. The experiments have shown important thermogenesis in the intestine 

6. When the animals were cooled hy the application of ice to the skin, the 
difference in temperature between the blood in the hepatic and the portal vein 
increased, i.e., there Was a rise in hepatie heat production (three to six times the 
original level), providing the blood flow was accelerated; when the animal wa 


overheated, the reverse took place. 
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7. Homogeneous blood transfusion did not bring about noticeable changes in 
thermogenesis in the liver and the intestines, despite a systemic rise in tem 
perature. 

8. The febrile state caused by heterogeneous transfusion is accompanied by a 
noticeable increase in thermogenesis in the liver and intestines. A comparative 
study of the hemodynamic variations has shown that the increase in hepatic and 
intestinal thermogenesis cannot be explained by the influence of circulatory 
factors. 

9. After anaphylactic shock, the same changes were observed as in the case of 
heterogeneous transfusion, but the variations in temperature were much greater, 
especially with respect to the intestines. 

10. The increase in visceral thermogenesis proceeds parallel to the systemic 
temperature reaction, i.e., the liver and the intestines participate in determining 
the febrile process accompanying the transfusion of foreign blood. 

11. The use of the method of FE. I. London for studying visceral thermogenesis 
in angiostomized dogs considerably widens the sphere of its application and 
promises to give results of great practical and theoretical interest. 
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The fact that unidirectional pulse currents applied to the central nervous 
svstem of mammals (rabbits and dogs) can cause readily reversible narcotic 
states was described by Leduc in a series of papers, the first of which, containing 
the essentials, appeared in 1902. This observation was confirmed by many 
authors (see for instanee von Neergard, 1922; Zimmermann, 1929 In most of 
these experiments, one electrode (cathode) was placed on the head, the othe: 
anode) on the sacrum. Ledue maintained that electronarcosis (en.) could be 
produced with pulse currents only; however, a similar state was obtained by ap 
plving direct current (Tschagowetz, 1912; Silver, 1939) and alternating current 
(van Harreveld and Kok, 1934a). 

The modern therapeutic use of electric current applied to the brain, known as 
electroshock, has renewed the interest in such procedures as en. Electroshock 
therapy consists in the application of a strong current for 0.1 to 1.0 see.; for en. a 
much weaker current is used, which flows during the entire experiment. 

In the present investigation, the effects of pulse currents of various pulse dura 
tions and frequencies, alternating currents of various frequencies, and direct cur 
rent have been compared. An attempt has been made to determine which of the 
several possible effects of electrical current on the central nervous svstem is the 
cause of en. 

Metuop. For the production of pulse currents a thyratron stimulator has 
been used, capable of producing unidirectional square pulses of a wide variety of 
frequencies and durations, both of which could be changed independently. This 
current was used to drive a 50 watt amplifier” Sinusoidal alternating current 
was obtained from an audio frequency generator, the output of which was am 
plified by the same 50 watt amplifier. A calibrated oscilloscope was used to 
measure voltage and current for pulse as well as for alternating current. Fun 
thermore the current shape could thus be checked at any time. * The direct eu 
rent, obtained from the laboratory supply, had a ripple which was too small 
(about 1.5 per cent) to be of physiological importance. 

The electrodes used in the pulse and alternating current experiments consisted 
of copper dises about 2 em. in diameter, covered with gauze soaked in concen 


trated sodium chloride solution. The contact between electrodes and skin, from 


1 This work was supported in part by a grant from the Department of Institutions of the 
State of California. 
2 This amplifier was a high fidelity Western Electric power amplifier, kindly loaned to 


by the Langevin Company, Inc. ef Los Angeles. 
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which the hair was clipped, was secured with an electrode paste. For direct 
current experiments non-polarizal le electrodes were used. Each electrode con 
sisted of a shallow lucite box (2.5 em. in diameter containing a copper eleetrod 

the box was filled with saturated copper sulfate solution and was covered with 
an animal membrane (bladder or intestine). Eleetrode paste was again used 
between electrode and skin. 

In all the present experiments the electrodes have been placed on the temples 
direetly posterior to the eves. This placement has the advantage that the eu 
rent remains confined to the head, and thus produce s less disturbing effeets on 
peripheral struetures. The electrodes were fastened on the head with band 
ages. 

Dogs have been used in all the experiments here reported. 

Symptoms of electronarcosis. The most satisfactory way of producing en. is to 
apply a relatively strong current (e.g., 60 evele alternating current of about 300 
ma) for about 30 see., which then is decreased to a lower level. Immediately 
upon applying the strong current, the animal falls down, its legs in a flexed posi- 
tion. During the next few seconds, the extremities are almost toneless, but afte 
5 to 10 see. a strong extenso) spasm de elops in the legs which are stretched back- 
wards. There is complete respiratory arrest. This state then remains un- 
changed during the application of the strong current. Often urination occurs 
and sometimes there are bowel movements. 

\fter 30 see. the current is decreased to a value, the “narcosis level’, at which 
sufficient respiration becomes possible; this level depends on the type of current 
used (for 60 evele a.e. it is 830-66 ma), on the individual reaction of the animal, 
and probably on the placement of the electrodes. The decrease of the current 
causes relaxation of the extensor spasm and appearance of clonic twitches. The 
first respiration will occur 50 to 70 sec. after the beginning of the experiment. If 
the current is too strong, the return of respiration is delayed and the current has 
to be diminished. After regular respiration has set in, the animal lies quietly and 
without tone in its muscles although light clonic twitches may proceed for some 
minutes. The symptoms can subsequently develop in two directions, which will 
he designated as the narcotic and the kinetic tvpe of en. 

In the narcotie type, the animal remains quiet, with a slow and deep respira- 
tion, which is often labored because of glottis contraction (von Neergard, 1922 
The heart rate is low, about half normal, due to vagus stimulation (van Harreveld 
and Wok, 1934a). Except for respiratory movements and sometimes occasional 
clonic twitches, the animal shows no spontaneous activity. Positive and 
negative supporting reactions are present when the legs are placed in the prope 
positions. However, when the animal is placed on its feet, the legs do not gain 
sufficient supporting tone and the animal falls down as in deep narcosis. The 
tail is without pronounced tone. In some dogs, tone in the abductor muscles of 
the thigh is observed. The head is extended dorsally and the eyes are closed 
tightly; the latter symptoms are probably caused by a direct stimulation of the 
muscles involved. Tendon reflexes like the knee jerk are not disturbed. No 


righting reflexes ean be elicited. Pinching or pricking the skin does not cause 
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any reaction. Pressure on the eve ball through th 


} 1 


without effeet, but sometimes causes defecation or irregula 


tion. From time to time there is a bowel movement 


en. ean be maintained for many hours 


Increase of the current bevond the value necessary to maintain en. « 
extensor tone in the extremities independent of the position of the | gs Res 
piration Is more diffieult and becomes insufficient. 

As the current is decreased below the nareosis level, the su porting reaction 
hecomes stronger and stronger until finally the animal ean stand Keven in this 
state, there is no return of spontaneous movements, of righting reflexes, or ¢ 
reactions to skin stimuli. When the legs are placed in abnormal positions, no 
corrective movements are mad These eataleptic svmptoms have been d 
scribed before (KNeller, 1931: van Harreveld and Kok, 19341 

When the current is cut off during the narcotic type of en. the animal recov 
ina few minutes, usually passing through a cataleptic state 

The kinetic type of en. is of a much less quiet nature, and is characterized | 
frequent righting attempts which are usually unsuccessfui and which can develo} 


into violent and disordered hyperkinesis of he ad and extremities, olten 


companied with velling and whining. Between righting attempts the animal 


quiet, but nghting and hyvperkine sis can be instigated by 


stimuli The 


effective is pressure on the eve ball; also effective is moving the animal 


stimulating the vestibular apparatus and perhaps other sensory systems. Son 


times skin stimuli are sufficient. The heart and respiratior 


in the narcotic type, usually even higher than normal 


Lrate ¢ 


Cutting off the current during the kinetie tvpe of en. is followed by imm« 


recovery without cataleptic svmptoms. After awakening, 


somewhat exeited for a short tims 


animal is 


\lthough the purely kinetic type is rare, some kinetic symptoms are 


found during the nareotic type; e.2., an oceasional We ak ] 


ing, or Movements on eve pressure 


The tvpe ol electronarcosis which will be produced is, for 


the 


g attempt, 


OST part, 


al 


dividual reaction. However, after a long series of experiments on the sam 


mal, kinetic symptoms may appear or become aggravated 
toms mav become more and more appar nt during single 
Some authors (Sack and Koch, 1933; Koch and Sack, 


able to repeat Ledue’s experiments; they observed onl 


1! 

Cli 
nit 


\lso, kinetie svmy 


1933 


prolonged en 


have not 


undguiet tate 


bee 


It 


possible that these authors by their choice of animals o1 by their technique « 


current application obtained predominantly the kinetic ty 


pe «ol 


In the following quantitative investigations, only dogs with a tendeney 


nareotic type of en. have been used. 

Electronarcosis with pulse currents of rarzous 
queney 120/see. were used throughout these experiments 
pulses of 0.3 millisee. duration and 600 to 750 ma strength 
narcosis level for pulse currents of this duration was SO to 


15 minutes when the animal had reached a steady strat 


Wore 


125 ma After 


thr 


>] 


ities in the res; 

| 

h 

, 

f 

1 

f Pulse current 

For the first 30 se¢ 

mm used. 
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pulses was changed, keeping the frequency constant. After each change, th 
current strength was so adjusted as to produce the same depth of en. The depth 
of en. chosen was such that when the animal was placed on its legs only a trace oi 
supporting reaction was present. The necessary current strength for 6 to 8 
values of pulse durations could thus be determined in the course of an hour. On 
varying the pulse durations between 2 and 0.5 millisec., hardly any current ad- 
justments had to be made. With pulse durations shorter than 0.5 millisec., the 
current had to be increased to maintain the same depth of en. This increase is 
exponential with the decrease in pulse duration. A strength-duration curve for 
en. can thus be plotted (fig. 1). From such curves, rheobase and chronaxie can 
be determined, and these values obtained from 6 experiments on 6 different ani- 


MA} 
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Fig. 1. Strength-duration curve of electronarcosis produced with unidirectional square 
pulses. The top current intensity of the pulses measured in milliamperes is plotted as 


ordinate against the duration of the pulses in milliseconds as abscissa. All points of the 
curve refer to the same narcosis depth. The pulse frequency in the experiment was 120/see 
Fig. 2. Strength-frequeney curve of electronarcosis produced with sinusoidal alternat- 


ing currents. The root mean square intensity of the currént measured in milliamperes is 
plotted against the logarithm of the frequency. All points of the curve refer to the same 
narcosis depth 


mals have been collected in table 1. No difference in symptoms was observed 
with the pulse durations used (between 0.08 and 2 millisec.). 

Electronarcosis with pulse currents of various frequencies. Two procedures have 
been used to examine the effect of varying the pulse frequency. In part of the 
experiments, en. was initiated with pulse current of frequency 120/sec. and of 
short duration (0.17 millisee.). After the animal had reached a steady state, the 
frequeney was changed, and the current was adjusted so as to produce the same 
reference depth as described in the pulse duration experiments. Any sudden in- 
crease of pulse frequency causes a short period of excitement. Up to a fre- 
queney of 300-400/sec., no changes occur in the svmptoms of en. With fre- 


quencies above 500/sec., en. becomes less quiet in most animals. Twitches and 
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contortions appear, and symptoms of the kinetie type have a tendeney to break 
through. These unquiet symptoms are especially pronounced in the frequenes 
range between 500 and 1000/sec. In a few animals, however, any frequeney 
produced quiet en. Even at the highest frequency practicable with a pulse 
duration of 0.17 millisec. (about 3000 /see.), en. has been maintained. 

Very little current adjustment had to be made to maintain the same depth of 
en. to approximately 1000 pulses sec. At higher frequencies, however, a mod 
erate current increase was necessary (at 3000/sec. the current was about 
doubled). The cause of this rise in current intensity is probably due to polariza- 
tion effects. 

In similar experiments, the pulse frequency has been decreased after establish- 
ing en. at frequency 120/sec. It has been possible to go down as far as 15 to 20 
pulses per sec. and once even to 5 pulses per sec. without awakening the animal. 
At the lowest frequencies, tremblings and twitches occur which are synchronous 
with the pulses. There is also a tendeney to develop kinetic symptoms, espe 
cially righting. No significant current adjustment was necessary in these ex- 
periments. 


TABLE 1 


Rheobase and chronaxie of electronarcosis 


Number of animal 2 4 
Rheobase in ma 105 SO 105 100 75 140 
Chronaxie (millisee 0.14 0.16 0.14 0.14 0.16 0.12 


The other way in which the influence of frequency has been examined was to 
produce a series of short en. (of about 15 min. duration) with pulse currents of 
various frequencies applied from the beginning. This type of experiment has 
been performed on two animals using the frequencies 30, 60, 120, 240, 480, LOSO 
and 2160/sec. Again, en. with pulse frequency 480/sec. and above were les-= 
quiet than with the lower frequencies. 

it thus seems possible to maintain as well as to produce en. with pulse currents 
of a wide range of frequencies. 

Electronarcosis with alternating currents of various frequencies. A set of ex 
periments, similar to those described for pulse current, has been performed with 
sinusoidal alternating current of various frequencies. In part of the experiments, 
en. was initiated in the usual way with 60 cycle current. The frequeney was then 
changed and the current strength was adjusted so as to produce the reference 
depth described above. The symptoms of en. produced with alternating current 
are identical with those produced with pulse current. 

A range of frequencies between 30 and 8000/sec. has been examined. Electro 
narcosis was less quiet at frequencies above 500, especially in the range between 
500 and 2000/see. The current necessary to maintain the reference depth at 
these various frequencies had a minimum at about 100 eycles/see. A slight eu 
rent increase was necessary when the frequency was decreased to 30/see. As the 
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frequency was increased, however, the current had to be increased considerably. 
At S000 eveles,/sec., for instance, about 10 times as much current had to be ap 
plied as at LOO eveles/see. From these data, a strength frequency curve can be 
plotted (fig. 2). This curve resembles strikingly the pararesonance curves de- 
termined in a similar way by stimulating peripheral nerves with alternating cu 
rents of various frequencies (Coppée, 1934 

In one animal a series of 15 minute electronarcoses was given, applying al 
ternating currents of various frequencies from the start. In this way, the fre 
quencles 30, 60, 120, 240, 500, 1000, 2606 and +4000 eveles see. have been ex- 
amined, Electronarcosis could be produced with all these frequencies. The 
strength-frequeney curve, plotted from this series of experiments, corresponds 
well with the strength-frequency curve of the same animal which was determined 
during a single session. 


it ean be concluded that en. can be maintained an 


1 produced with alternating 
current of a wide range of frequencies. 

Exp ‘ements with direct current. In the first attempts to produce en. with 
direct current, a strong current (300-500 ma) was applied for 30 see. which was 
then diminished to a lower level (150-200 ma). It was found, however, that 
even a current of 500 ma maintained during the entire experiment causes the 
same svmptoms and does not endanger life. It is not feasible to use higher eur 
rents, since a current of 500 ma has a considerable heating power (approximately 
50 watts 

Immediately after making the current the animal falls down in a flexed posi 
tion. Usually this is followed after a few seconds by stretching of the legs. Ten 


to 15 seconds later, clonie twitches appear which go on for 15 to 30 see. A con- 
tortion of the neck toward the positive pole develops. Respiration returns after 


30-50 see. irrespective of current strength. Except for the contortions, these 
initial symptoms resemble a milder and abbreviated form of those following the 
application of pulse or alternating current. 

The contortion of the head towards the anode remains for the duration of cur- 
rent application. It is probably caused by direct current stimulation of the 
labyrinths (galvanic labyrinth reaction). The head contortion brings into play a 
series of other reflexes which result in rolling movements (Magnus, 1924). These 
rolling movements make it difficult to observe other symptoms. However, skin 
stimuli sometimes cause the flexion reflex, and pressure on the eye ball increases 
the rolling movements. 

After switching off the current, the animal rolls for some minutes toward the 
negative pole, and shows a head contortion in that direction. The recovery 
usually proceeds more slowly than after the application of pulse or alternating 
current. 

The application of direct current to the head causes symptoms which are partly 
specifie direct current effects (galvanic labyrinth reaction, rolling movements). 
There is probably in addition an electronarcotice effect which, though much 
higher currents were used, was much weaker than that produced by pulse or 
alternating current. 
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Discussion. The strength-duration eurves of electronareosis, which | 


been obtained bv applving repeated ara striking rese mb mce to th 


obtained by applving single pulses to peripheral nerves. — Ut is therefore strong 
indicated that en. is due to the stimulating properties of the current Phe sl 
chronanxie of eleetronareosis (0.12-0.16 millis indicates that highly 
structures, nerve fibers or cells, are stimulated 4 view Is supported by the 
resemblance of the strength-frequeney curve of en. and the pararesonance curves 
determined in peripheral nerves. The rise in intensity for high frequencies 


necessitated by decreased duration of the stimulating current peaks, is cleat 
demonstrated by the data; the rise in intensity for low frequencies which is a 


consequence of accommodation is only indicated, probably because the frequency 


range could not be extended sufficiently low. Thus the structures affeeted by 
alternating current in en. show the same features of excitation and aecommoda 
tion as do peripheral nerves (Hill, 1936). 

Although direct current of sufficient intensity can produce repeated discharges 
in nervous tissue, the stimulating power is much smaller than that of pulse on 
alternating current because of accommodation Thus the weak electronareotie 
effect of direet current also supports the view that en. is due to the stimulating 
properties of the current. 

Two mechanisms can be considered for the explanation of the depression of 
central nervous activity by stimulation. The diffuse application of current to 


large parts of the central nervous system will stimulate structures with excitatory 


, as well as those with inhibitory function. It is possible that, when these are 
stimulated simultaneously, inhibition prevails. The inhibition of the knee jerk 
bv a homolateral pain stimulus is an instance of the fact that simultaneous stimu 

‘ lation of excitatory and inhibitory pathways results in absence of activity 
Thus, according to this view, the normal central inhibition, irrespective of its 

mechanism, is responsible for en 

The other possibility is that en. is due to Wedensky inhibition, and thus is du 

to the fact that impulses are set up at a frequency too high for the structures in 

| volved. The comparable effects of pulse and alternating currents of widely 
varving frequencies can be considered as an argument against this view sinc 

Wedensky inhibition would he produced with greater ease by high than by low 
frequency currents. Since reflex inhibition is sometimes explained on the bas 
of Wedensky inhibition, the differenc e betwee n the two explanations of en. may 
seem very small indeed. 

SUMMARY 
1. The effeets of electrical currents applied to the brains of dogs with ele 
trodes placed on the temples have been studied. In addition to a twpe of el 
tronareosis (en.) which resembles chemical narcosis and was described by Leduc, 
another unquiet type, characterized by righting reflexes and hyperkinesis ha 
been observed. The quiet tvpe has been designated as the nareotic, the unquiet 
| type as the kinetic type of en Pulse as well as alternating current ean produce 


both types of en. and which type appears is for the most part an individual ve 


action. 
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2. The relation between the pulse duration and the pulse strength necessary t: 
produce the same depth of en. has been determined; this relation resembles 


closely the strength-duration curves of peripheral nerves. 


3. Electronarcosis has been produced with a wide variety of frequencies of 
pulse and alternating current. For alternating current, the relation between th: 
frequency and the current strength necessary to maintain the same depth of en 
has been determined; this relation resembles the pararesonance curves obtained 


for peripheral nerves. 


t. The electronarcotic effect of direct current is small as compared with that of 


pulse or alternating current. 


5. It is concluded from 2, 3 and 4 that en. is due to the stimulating properties 


of the current applied. 
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Hypertension which follows constriction of the renal arteries is accompanied 
by the liberation of renin into the blood by the ischemic kidney (9, 4, 14, 3). 
Renin, which appears to be an enzyme, acts on a blood globulin (hypertensin 
precursor) and gives rise to hypertensin, a substance which by its vasoconstrictor 
action and its action on the heart, produces a rise in blood pressure (12, 1, 2, 13). 

Since the discovery was made that the ischemic kidney liberates a pressor 
substance into the blood the question arose whether this pressor substance re- 
sulted from the pathologic condition of the kidney or whether it was produced 
already in small amounts by the normal kidney. Some observations afford 
indirect evidence in favor of a normal secretion of renin. Dogs nephrectomized 
24 or 48 hours previously are more sensitive to the pressor action of renin (17, 11, 
18, 5,15,8,16). In these animals an increase in the concentration of hypertensin 
precursor has been found (13) as well as a hypersensitivity of the vessels to 
hypertensin (15, 8, 16). Both these findings would indicate that the kidney 
secretes normally minimal amounts of renin. 

The graft of a normal kidney into the neck of a normal or recently nephrec- 
tomized dog does not produce a rise in blood pressure (9, 4, 6). A very definite 
one is observed, however, if the receptor dog has been nephrectomized 48 hours 
previously (6). The hypersensitivity of these animals reveals the presence of 
renin in the venous blood of even a normal kidney. The obvious objection is 
that the total ischemia to which the kidney has been subjected from the moment 
at which it is excised to the moment at which the graft is completed may cause 
the accumulation of renin in the kidney. If the kidney is grafted into a normal 
dog no rise in pressure is elicited because the amount of renin liberated by the 
kidney is extremely small. In a dog nephreectomized 48 hours previously, how 
ever, where the sensitivity to the pressor action of renin is greater, a definite 
rise is observed. 

Though these findings suggest that the intact normal kidney perhaps 
secretes renin into the blood, its first clear demonstration was made by 
Houssay et al. (7). Renin was estimated in systemic blood of dogs after its 
intravenous injection. The concentration of renin usually reached a peak and 
then gradually diminished until it disappeared in from 1 to 4 hours. In two of 
the control dogs in which the kidneys had been manipulated but not removed, 
the concentration of renin in the blood began to increase. These dogs presented 
the picture of shock with low blood pressure and sighing respiration. In view 
of this observation which suggested that in shock the kidney might liberate 
renin, a systematic study was thought advisable. 

The experiments which we will report show that hypotension even of short 
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duration causes the intact normal kidney to secrete renin into the blood in 
amounts sufficient to be estimated in the general blood of normal anesthetized 
dogs. The inference is drawn that the kidney participates in the regulation 
of arterial blood pressure and that renin is one of the many physiologic substances 
which the body uses to maintain its constant state. 

MATERIAL AND METHODS. Dogs anesthetized with nembutal (0.04 gram 
per kilo) or amytal (0.05 gram per kilo) were used. Renin was estimated in the 
blood by the direct method of Leloir et al. (10). This method is based on thi 
estimation of the pressor action of hyvpertensin formed when blood plasma which 
contains renin and which has been freed of hypertensinase by acidification is 
incubated for 2 hours at 37°C. with hypertensinase-free bovine plasma. 

EXPERIMENTS AND RESULTS. A. Hemorrhage: Group I. Normal dogs 
weighing from 8 to 33 kilos and anesthetized by the intraperitoneal adminis- 
tration of nembutal were used. The blood pressure was determined by a cannula 
introduced into the carotid arterv and connected to a mereury manometer. 
A sample of arterial blood was obtained for the determination of renin. Blood 
was then withdrawn from the femoral artery each ten minutes in an amount 
corresponding to 1 per cent of the body weight until 4 per cent was reached. 
At intervals varying from 30 to 120 minutes after this moment, new samples of 
blood were obtained for the determination of renin. The results are shown in 
table 1. In all, 16 experiments were made. Six of these were negative, that 
is to sav, no renin was detected in the samples of blood obtained after hemor 
rhage. As can easily be seen, the causes of this failure were: a, the amount 
of plasma used for the determination was too small (6 to 8 ee.) in dogs 
2,3,4, 8, 9, and 10; 4, the time elapsed since the hemorrhage was complete 
Was in most eases too short (30 min. for dogs 2, 3, and 4 and 40 for dog 9). 
Furthermore, in dog 8 the blood pressure remained at a level of 90 mm. Hg. 
The other 10 dogs all had renin in the svstemic blood following varving periods 
of hypotension due to hemorrhage. In some cases (dogs 11 and 14) it ean be 
seen that the concentration of renin in the blood gradually rose. To be sure 
that the pressor action obtained by the injection of the extract of plasma in- 
cubated with hypertensin precursor for 2 hours at 37°C. was really due to renin, 
all the controls reeommended by Leloir et al. (10) and others were prepared. 

Group IIT. That the kidney was responsible for the appearance of renin in the 
systemic blood of the dogs after hemorrhage was shown by the negative results 
obtained in 6 nephrectomized dogs subjected to the same procedure (table 1). 

Group III. \n3 dogs the kidnevs were completely denervated before hemor- 
rhage. This was accomplished by externalizing the kidney through the lumbar 
route, cutting all visible nerves, and rubbing vein and artery with a gauze 
soaked in aleohol. Hypotension was then produced by removing blood in the 
same manner as already described. Renin was found in the blood of these dogs 
in amounts comparable to those found in the normal intact dogs of group I 
hg. 1). 

GroupIV. Toseewhetherarterial hypotension produced by some other method 
would produce the liberation of renin by the kidney, 2 dogs with the adrenals 
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removed and anesthetized with nembutal were subjected 


KIDNEY 


to rep 


wed 


lation of the small intestine. The blood pressure fell progressively (fig. 2 
while the renin content of the blood rose Two normal control dogs tailed to 
show either hypotension or renin in the svstemie blood as a result of thi 
anesthesia 
Group V experiments were made with the aim of destroving as much as 
possible the tubular cells to see whether in these conditions the kidney still 
TABLE 1 
Determination of renin of systemic blood of anesthe ed doq } hag 
holy eigl 
LASM 
\it 
Be 
Nermal dogs | 21.0 S 0.00 0.46 
2 13.0 O.00 
12.5 0.00 0.00 
11.3 0.00 O00 
12 0.00 4] 
12 0.00 O11 
7 11.5 12 0.00 O34 
10 OOS O00 
11 2 0.00 1 OS 40) 
12 23.0 12 0.00 41 
13 0.5 2 0.00 O41 
14 11.0 12 00 (). 37 Ooo 
15 2.6 2 0.00 1 20 
16 1.0 12 0.00 
Nephree 17 13.3 2 0.07 0.08 O00 
tomized IS 10.9 12 Oooo 
2) 16.0 2 00 
21 12 O04 
22 2 0.02 0.03 


liberated renin on induction of hy potension with the same technique as in group | 


Five dogs were injected subcutaneously with 10 


nitrate and 3 dogs were given by stomach tube LO to 


) 


pe 


r kilo of uranium 


25 mgm. per kilo of mereurt 


chloride. In both groups of animals widespread lesions of the tubular cells wer 


observed such as granular degenerative lesions and necrosis ot 


ot hvaline C\ linders in the lumen of the tubules, ete 


thre 


colds pore 


The glomeruli showed only 


slight changes in some cases Most of these dogs had low blood pressure before 


hypotension was induced by hemorrhage and in these eases 


renin 


vas found on 
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the blood in varving amounts but its Concentration increased after hemorrhage. 
When the blood pressure remained normal no renin or only small amounts were 
found before the induction of hypotension. The renin concentration increased 


very markedly after hemorrhage (table 2). The significance of these observa 
tions is stilluncertain. The destruction of the tubules though extensive cannot 


be made complete; on the other hand the tubular lesions mav facilitate the lib 


Fig Lhove Blood pressure ot 13 kilo dog with denervated kidne WS hemo haqg 
Nembutal anesthesia. Carotid pressure in millimeters of mercury. Time in minute 
Upward signals undieate withdrawals of blood in order to maintain a low blood pressure 
Downward signals at band 2 indicate samples of blood withdrawn for estimation of renin 
before and 61 minutes after hemorrhage. Ten minute interval between A and B;7 minutes 


between Band C; 20 minutes between C and D:and 7 minutes between D and | 


Relou tssay of renin in samples of blood obtained before and 61 minutes after hemo haq 
of animcl charted above Dog of S.5 kilos anesthetized with amvtal Carotid blood pressure 
in millimeters of mereury. Sf indicates intravenous injection of unit of a standard solu 


tion of hi pert nsin: 7, extraet of blood plasma obtained before hemorrhage and ineub ite dl 
in the usual manner with hypertensinase-free precursor; 2, extract of blood plasma obtained 


ifter 6L minutes of hypotension and treated in the same mannet 


eration of renin into the blood assuming that this substance is produced by the 
tubular cells. 

B. Renal anoxia: AX possible explanation for the liberation of renin in hypo 
tension would be anoxia of renal tissues due to the diminished blood flow through 
the organ. An attempt was made to produce renal anoxia without lowering 
blood Pressure 


A. B. Te. | 
160 
\! 
bo 
i 
20 TT 
tia 
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Group VI. ‘To four anesthetized dogs receiving artificial respiration, potassi- 
um evanide in doses of from 0.6 to 1.2 mgm. per kilo was given intravenously. 
Samples of femoral blood were taken before and at intervals after the adminis 
tration of evanide. No renin was found in the blood. That the ability of the 


renal cells to secrete renin was not suppressed by evanide was shown by the 


mm Hg 
170 
0.00 
160 
140} \\ —___— Shock by intestinal manipulation adrenalecto- 
130.1 | mized dogs ~ 
1204 ou 
{ 
/00 
70] 
604 036 \ 0.82 
50] 
q 
30] 
204 
10 1 
0 § 30 45 60 75 90 105 120 135 /$0 175 190 2S 220 235 250 275 290 305 320 335 395 
MINUTES 
Fig 2 Blood pressure ind renin content of femoral t ( control dog id 
leetomized dogs in which shock was induced intestinal manipulation 
TABLE 2 
Determination of renin ins blood of dogs intoxicate (} anium nitrate ar 
hloride before and afte heme nade 
FR ASMA 
LOOD PRESSUB 
i N Rt IN] REFOR 
HEMORR 
be ite 
23 U.N. 10 mgm. kgn 70 20 1.60 
24 U.N. 10 mgm./ kgm 70 20 2.70 
25 U.N. 10 mgm. kgn 120 (1. 60 180 
26 U.N. 10 kgm 140 5.70 
27 U.N. 10 mgm., kgm 125 0.10 1 40 
28 HeCl. 25 mgm./kgm 0.03 0.57 
29 HeCl, 20 mgm. kgn 120 0.00 0.77 
30 HeCl, 10 mgm./ kgm 105 0.70 1 SO 
appearance of large amounts of renin in the blood after hemorrhage was pro 
duced in the usual manner in these intoxicated dogs (fig. 3 


Group VII. Ina large gasometer with a capacity of 100 liters, mixtures of 
respiratory gases were prepared and anesthetized dogs were artificially ventilated 
with these mixtures by means of a special pump (table 3 Dog 31 breathed a 


mixture with 8 per cent oxvgen during one hour and no renin appeared in the 


| 
| 
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blood. Dogs 32 and 35 breathed a mixture with 6 to 7 per cent oxygen and 1 
CO, for 50 and 30 minutes respectively after which no renin was found in t! 
blood. In the latter dog an analvsis of blood gases was made at the end of t! 


Cyanide 


0 30 45 60 7S 90 0S i 180 175 190 205 220 235 280 275 290 
MINUTES 


Fig. 3. Blood pressure and renin content of femoral blood of dogs injected with KCN and 
subsequently subjected to hemorrhage 


TABLE 3 


Determination of renin in systemic blood of anesthetized dogs breathing mixtures of respiratory 


gase s 

eee UNITS OF RENIN IN VOLUME OF PLASMA USED FOR TITRATION 

DOS | . —y G D After (minutes 
FOR Before 
TESTING 20 30 40 50 60 70 80 
kgm 

31 7.5 12 So O 0.00 0.00 0.00 
32 9.4 12 6 O 0.00 0.00 0.00 
33 8.2 |8 O. 0.05 0.83 
34 12.7 0.00 0.20 
35 10.0 12 | 63 O 0.00 0.00 0.00 
36 9.8 12 149 O.; 2%CO.z 0.02 0.21 
37 11.0 Os 5 CO; 0.0 0.00 
38 9.3 12 |7 44 0.00 | 0.00 0.00 


experiment and only 24 per cent saturation with O, was found in femoral blood. 
Dogs 37 and 38 breathed a mixture of 7 per cent oxygen and 4.5 to 5 per cent 
CQO, for 38 and 40 minutes respectiveiy after which no renin was found in the 
blood. 


4 
/80 
140 / 
130 - 
oo | ' 
x 
80 
70 
60 
50 4 0,86 
40 \ 
\ 
JO \ 
20 3 425 
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In two dogs, one after breathing a mixture of 8 per cent oxvgen for 60 minutes 


and the other afte breathing a mixture of 49 per cent oxvgen and 2 per cent 


(QO. for SO minutes, 0.20 and 0.21 unit of renin respectively was found in the 
blood. In the first of these dogs the blood pressure had gradually fallen from 150 
to 95 mm. Hg in the course of the experiment 


In the second. the blood pre 


was rather low to begin with (110 mm. Hg) and remained at approximately the 


sume level throughout the experiment, 


Fig. 4 flee fof repeated injections of amytal on blood pressure of 12 log ar 
hetized with nembutal. Carotid blood pressure in millimeters of mereury Figures indi 
ente time at which the samples of blood were obtained for the determination of renit Pine 
In minutes \. short and profound hypotension is produced by the intravenous injection 
O15 gram amytal Between A and B, 25 minute interval B, longer and more pronounced 
hypotension produced by the intravenous injection of 0.10 gram of amytal. Between B | 
minute interval. new injection of 0.10 gram amytal produces a definitive 
of blood pressure Between C and DD, 7 minute interval 

Belou {ssay of renin in sam ple sof blood obtained a ndicated by the fiqure n the che 
above Dog of 8.0 kilos anesthetized with amytal Carotid blood pressure inmillimeter 
of mereury. The samples of plasma were incubated for 2 hours at 37°C. with S ce. of hyp 
tensinase-Tree precursol Sf, injyection ol lounit of a standard solution of livperte 


injection of extraet of control plasma 


To make sure that the ability of the renal cells to secrete renin was not altered 
during anoxemia, dog 33 breathing S per cent oxvgen was subjected to hemor 
rhage and after 89 minutes 0.838 unit of renin was found in the systemic blood 

C. Short periods of arterial hypotension: To confirm our suspicion that some 
of the positive results obtained by the breathing of gas mixtures poor in oxygen o1 
rich in COs were due to the lowering of the blood pressure, short periods of hy po 
tension were induced in 4 anesthetized dogs by the intravenous Injection. ol 
amytal or by rapid removal of moderate amounts of blood. Short periods of 
profound hypotension of only 4 and Tl minutes in some ens 


es (fig. 4) were 
sufficient to produce the liberation of renin by the kidney 


B. 
130 min 
i : 
fiz ts 14 tet 


o4 F. HUIDOBRO AND E. BRAUN-MENENDEZ 


Discussion. One important point must be kept in mind in interpreting the 
results of the experiments reported and that is that the accumulation of renin in 
the general blood in amounts sufficient to be detected by the method used means 
that the rate at which renin is liberated by the kidney is greater than the rate ot 
its destruction or elimination by the body. In other words, the kidney may 
secrete renin into the blood in increased amounts and still if the rate of destrue 
tion of renin is also increased its presence in the svstemic blood may not be 
detected, 

The question of the concentration reached by renin in the blood is also ot 
importance. When we say that no renin is present in the blood, we mean that 
no formation ¢f hypertensin can be detected when a certain amount of plasma 
(6 to 12 ce.) is incubated with hypertensin precursor during 2 hours at 37°C 
It is possible that by using larger amounts of plasma or longer periods of in 
cubation, the presence of renin could be detected. Unfortunately in the method 
of Leloir et al. (10) for the estimation of renin, the amount of plasma which ean 
be incubated is limited by the toxicity of plasma extracts. 

The volume of circulating blood may also be of importance in determining the 
concentration of renin in the blood. It is conceivable that the smaller the blood 
volume the more rapidly will renin accumulate in the blood. 

For all these reasons we cannot affirm with certainty that anoxemia of the 
kidney tissue is not the primary factor in the secretion of renin but our experi- 
ments are in favor of this view. In faet, discarding those in which the blood 
pressure was low, in none of the experiments in which severe anoxemia or histo 
toxic anoxia was produced could renin be detected in the general blood. 

The blood pressure seems more likely to be the stimulus for the secretion of 
renin by the kidney, but we do not know in what way this stimulus acts upon the 
kidney. Assuming that the tubular cells are the site of formation of renin, it 
is possible that a reduced pressure in the capillaries which irrigate them alters 
in some manner the normal function of the cell or its permeability. These 
hypotheses remain to be proven. One firm conclusion, however, can be drawn 
from this study, ie., that hypotension, even of short duration, causes the intact 
normal kidney to secrete renin into the blood in amounts sufficient to be es- 
timated in the general blood of normal anesthetized dogs 

The normal kidney thus seems to participate in the regulation of the blood 
pressure. A lowering of the blood pressure determines the internal secretion ot 
renin through which the formation of hypertensin will contribute to the normal 
ization of the blood pressure. Renin appears to be a substance which not only 


appears as the result of a pathological disturbance of the kidney, but one of the 


many physiological substances which the body uses for its homeostasis at least 
in cases of emergency. 
SUMMARY 


Profound lowering of the blood pressure by hemorrhage (4 per cent of body 
weight) or shock causes the liberation of renin by the intact kidney of normal 


anesthetized dogs. Renin can be detected in the svstemic blood of these dogs. 
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Renin could not be detected in the blood of nephrectomized dogs after hemorrhage 
or in normal dogs intoxicated with KCN or subjected to respiration of mixtures 
poorin oxygen. After short periods of 4 to 11 minutes of profound arterial hypo 
tension renin could be detected in the systemic blood of normal dogs. 

The inference is drawn that the kidney participates in the regulation of arterial 
blood pressure. When the blood pressure decreases the normal kidney secretes 
renin which through the formation of hypertensin tends to the restoration of nor- 
mal blood pressure. Renin appears to be a substance which the body uses to 
maintain homeostasis. 
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Methemoglobin may be formed from hemoglobin in vitro by a wide range o! 
oxidizing agents. Such compounds also act in vivo if they can permeate the 
red cell membrane; other substances such as aniline and its derivatives (in 
cluding the sulfanilimide series) are ineffective with hemoglobin solutions but 
do form methemoglobin in vivo, possibly because they give rise, in the course of 
their metabolism, to intermediate compounds with oxidizing properties, e.g., 
aminophenol or phenylhydroxylamine. Methemoglobinemia is accordingly 
a fairly common condition both in chemical industries and in drug therapy 
(for reviews v. Peters and Van Slyke, 19; Wendel, 22). The svmptoms are very 
similar to those produced by an equivalent degree of CO-hemoglobinemia, (see 
especially (14)) the toxic effects in both cases being much greater than those 
produced by the same amount of anemia. Some further action besides the 
lowering of the O, carrying power of the blood is therefore indicated. In the 
case of methemoglobinemia this has been thought to be due entirely to the direct 
effect of the methemoglobin producing agent on the tissues, e.g., vasodilatation 
in the case of nitrites. Carbon monoxide, however, does not act directly on the 
tissues except at pressures much higher than those usually found in CO poison- 
ing, and its extra effect has been explained in another way. Douglas, Haldane 
and Haldane (12) (see also Stadie and Martin, 20) observed that when part of 
the hemoglobin in blood is combined with CO, the oxygen dissociation curve of 
the remaining hemoglobin is shifted to the left and is less S-shaped. This 
“affinity effect”? greatly hinders the unloading of Os from the blood to the tissues 
and in Haldane’s view (13) aecounts for the fact that “miners may be doing 
their ordinary work though their hemoglobin percentage is reduced to half or 
less by ankvlostomiasis ... whereas a person whose blood is half saturated with 
CO is practically helpless.”’ 

These findings with CO hemoglobin made us ask whether methemoglobin 
might not have a similar effeet on the dissociation curve of oxvhemoglobin. 
From a theoretical standpoint this is a reasonable question, since methemo- 
globin has long since ceased to be regarded as an irreversible compound: Conant 
and his colleagues (7, 8) have indeed shown that the same equilibrium point is 
reached between CO hemoglobin, methemoglobin, oes ferricvanide and terro- 
evanide from whichever side the equilibrium is approached. A similar reversible 
equilibrium was also demonstrated in the presence of O, in place of CO. Now 
since Haldane’s work has proved that in the reversible system CO hemoglobin- 
oxvhemoglobin-hemoglobin-CO-OQ», the presence of CO and COHb affects the 
equilibrium between O. and hemoglobin (and similarly the presence of Oz 
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and OoHb affects the equilibrium between CO and hemoglobin) it seems rational! 
hv analogy to expect that in the reversible svstem oxvhemoglobin-hemoglobin 
the presence fermevanide and 
methemoglobin would atfecet the equilibrium between Os and hemoglobi 1) 
the experiments of Conant and colleagues the concentrations of ferrievanide 


of CO (or Osc) were too high for there to be appreciable amount of reduced 


hemoglobin present; a search through the rest of the liter itunes has equally failed 
» reveal any systematic data of the effect of methemoglobin on the oxvhemo 
globin dissociation eurve. In view of the theoretical interest of the matter and 


also of its possible clinical, industrial and even military importance we therefore 
decided to determine the effeet of graded amounts of n themoglobin, made in 
several ways, upon the oxvhemoglobin dissociation curve. To avoid unces 
tainties due to pH and other ionic effects we have worked mainly with solutions 
of washed red cells in 0.6 M phosphate buffer. In this medium the dissociation 
curve in absence of methemoglobin is found to be prac tically the same as in 
whole blood in which the pH of the red cells is brought to the same value by 
COs instead of phosphate. The progressive shift of the dissociation curve with 
increasing methemoglobin which we report below might thus be reasonably 
expected to occur under more physiological conditions. This we have cor 
firmed by finding that the same shifts take plac e when methemoglobin is formed 
in the circulating blood after subcutaneous injection of sodium nitrite, but that 
the dissociation curve returns to normal when the methemoglobin has had time 
to be reduced back again to ordinary hemoglobin by the natural reducing 
svstems of the red cell. These results, with some theoretical and practical 
implications, are presented below. 

MrTHODS AND PROCEDURES. We have used three methods for making 
methemoglobin from hemoglobin in vitro: 

1. Addition of potassium ferricyanide 


2. Incubation at pH 5.6 with low Os» pressures (5 
3. Addition of sodium nitrite 

Of these the first has been most fully investigated and is the best understo 

Accordingly we have done most of our work with ferrievanide and have used 


the other methods for special conditions and for elimination of effects specific 


to ferricyanide. We have confirmed pre vious findings that 1 molecule of Iwak'« 
(CN). per atom of Fe in hemoglobin forms methemoglobin almost stoichio 
metrically. The eXCess ferricvanide required to convert hi moglobin to methe 


moglobin, even when solutions were in equilibrium with 150 mm. Hg pressure 
of oxygen, was found to be only 5 per cent on the average 

The preparation of the hemoglobin solutions and of the phosphate bufters, 
as also the technique for determining the dissociation curves, were the same in 
the ferricvanide experiments as in all the other experiments. Details as to these 
common features are given in this section, whereas details special to each of the 
three methods of making methemoglobin are given at the outset of the descrip 
tion of corresponding results. 


Preparation of hemoglobin solutions Fresh OX hlood was obtaine Irom 
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slaughter house and defibrinated immediately by shaking with glass bead 

Human red cells were furnished through the courtesy of Dr. R. M. Ferry; the 

were the unused by-product in the collection and concentration of serum pri 

teins. Both lots of red cells were centrifuged and washed with 1.5 per cen! 
NaCl three times, minimal hemolysis was observed in the wash saline but th: 
red cell mass obviously shrank under the action of the mildly hypertonic salin: 

Red cells after washing were frozen and stored in that state. Small lots of thes: 
were thawed freshly for each experiment. Generally the single freezing was 
sufficient for laking; on a few occasions repeated freezing was carried out to 
ensure laking. 

In preparing the final dilutions of hemoglobin the recently thawed cells wer 
mixed with about 3 their volume of distilled water (to reduce the high viscosity 
and centrifuged to remove the red cell ghosts. The supernatant liquid was 
perfectly clear. The oxygen capacity, after the addition of the buffers and othe: 
solution, was usually 10 to 12 vols. per cent. 

Phosphate solutions. Three concentrated buffers of approximately pH 5.6, 
6.8 and 7.4 were made up. 

pH 5.6 = 1.009 M KH,PO, + 0.191 M KeHPO, 

pH 6.8 = 0.60 M KH.PO,; + 0.60 M KeHPO, 

pH 7.4 = 0.24 M KH2.PO, + 0.96 M KeHPO, 
The potassium salts were used in preference to sodium on account of their higher 
solubilitv. COs was removed from each buffer by evacuating and shaking in a 
large bottle three times. 

Determination of the oxyhemoglobin dissociation curve. The technique was 
essentially that of Dill, Hurtado, Graybiel and Taequini (11) except that the 
gas phase in the tonometer was almost CO»-free (analysis usually showed less 
than 0.1 per cent). Barcroft type tonometers of about 300 ec. capacity were 
flushed with N» and appropriate amounts of O. were added from a gas burette. 
Four or 5 cc. of hemoglobin solution were added to each, the taps sealed with 
mercury and equilibration carried out for 15 minutes at 37° in a water bath. 
The solutions were then removed under water into small sampling tubes over 
mercury where they were stored in the ice box until analyzed. The gas phase 
of the tonometers was analyzed after they had cooled to room temperature. 
Gas pressure in the tonometer, temperature and barometric pressure were 
measured at the time of taking the sample into the Haldane apparatus. From 
these the pO» in the tonometer at 37° during equilibration was calculated. The 
hemoglobin solutions were analyzed for O2 from 1 or 2 ec. samples in the Van 
Slvke apparatus. Dissolved oxygen in the buffered mixture was calculated 
from Brooks’ data, converting to the higher temperature of 37°. The factor at 
37° was taken as 0.0025 vol. per cent per mm. Hg of pO,. The oxygen capacity 
of each sample was determined by equilibrating the residual sample after the 
analysis for content at room temperature in an open flask. At this temperature 
(25°C) the oxygen solubility factor of 0.0028 was used. 

Resutts. Experiments with methemoglobin made by ferricyanide. Each 
solution on which an oxyhemoglobin dissociation curve was obtained consisted 
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of: 5 parts thawed red cells; 10 parts 1.2 M phosphate buffer; 2 parts KsFe(CN 
solution; 3 parts distilled water. 

The ferricvanide solution was prepared from stock 0.02 M > KsFe(CN). made 
from C. P. chemicals, and diluted to the strength calculated to give the methemo 
globin concentration desired. 

Oxvhemoglobin dissociation curves on such mixtures of hemoglobin and met 
hemoglobin in 0.6 M phosphate, pH 7.4, are presented in figure 1 for the ox blood 
and figure 2 for the human. The progressive shift to the left with increasing 
methemoglobin and the fading out of the S-shaped inflection are at once ap 
parent. Since ferfeyanide is the other product formed when ferricyanide reacts 
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with hemoglobin to form methemoglobin, a control curve was obtained at a 
ferrocyanide concentration equal to the ferricyanide concentration used. This 
control curve agreed within experimental error with that obtained without added 
ferri- or ferrocyanide. The shift of the dissociation curve must then be seem 
ingly due to the influence of the methemoglobin and not to the inorganic ions 

Qualitatively the changes are similar to the effects of COHb but roughly 
twice as much MetHb as COHb is required to produce a given shift (see also 
fig. 4). The same relative shifts in the curve were found in determinations at 
(1) pH 6.8, 37°C (2) pH 7.4, 25°C. The effect of methemoglobin formed by 
ferricyanide is thus independent of species, temperature and pH within the 
limits tested. 

Experiments with methemoglobin made by aerobic oxidation. Brooks (5) has 
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shown that methemoglobin is formed at a unimolecular rate, when hemoglobi: 
is equilibrated for many hours with a gas phase containing Os, the velocity con 

stant depending on the O: pressure, pH and temperature. His work provided 
us with an entirely independent method of making methemoglobin, by mean 

of which we hoped to remove any doubts still remaining that the shift of the dis 
sociation curve might be in some way due to the ferricyanide in spite of the con 
trols already mentioned. For making methemoglobin by Brooks’ method, th 

hemoglobin was made up in the pH 5.6 phosphate buffer exactly as before but 
omitting the ferricvanide. One half of this lot was equilibrated in a tonomete: 
at 37° for 2 hours, at the end of which time its QO, capacity had diminished by 
35 per cent and, according to Brooks, an equivalent amount of methemoglobin 
had been formed. Both this sample and that not incubated were adjusted ap 
proximately to pH 7.4 by adding 1 ec. of 1.923 M KeCOs to each 10 ce. of hemo 
globin solution, and then evacuating and shaking for five periods of three 
minutes to remove COs. 

The dissociation curves of these two solutions are shown by dotted lines in 
figure 1. The same type of shift is again apparent: in the lower half of the curve 
the shift is the same as with 35 per cent methemoglobin made by ferricyanide, 
but in the upper half of the curve a greater shift is observed. The reason for this 
discrepancy is not clear, but it may be that the incubation at pH 5.6 also caused 
incipient changes in the globin thus changing slightly the characteristics of the 
curve. After 24 hours’ incubation at pH 5.6 an obvious change has been found 
to occur (v. Discussion). We have not searched for an exact CX] lanation, since 
the discrepaney was unimportant for our purpose, which was to demonstrate 
qualitatively the shift due to methemoglobin in the absence of a chemical oxidiz- 
ing agent such as ferrievanide. 

\Methemoglobin forms slowly from oxygenated hemoglobin solutions or red 
cells even when thev are kept frozen in the solid state. The ehemical mechanism 
of the change is probably the same as in Brooks’ experiments. It was therefore 
of some interest to find that hemoglobin solutions prepared from the stock ot 
human red cells, after 3 months’ storage at —5°C, contained about 12 per cent 
methemoglobin and 5 per cent inactive hemoglobin, and that the dissociation 
curve was shifted to the left by an amount agreeing with that to be expected 
from the results obtained with methemoglobin prepared by Brooks’ method. 

Tn vivo experiments with nitrite methemoglobin. The action of nitrite on hemo- 
globin is extremely complicated. It varies with the molecular ratio of nitrite 
to hemoglobin, pH, presence or absence of Os and reducing agents, and possibly 
with other factors. Amongst the products of reaction found under varving 
conditions in vitro are methemoglobin, NO-hemoglobin and NO-methemo- 
globin (3, 4, 6, 14, 15, 16,17). There seems, however, fairly general agreement 
that when nitrite is injected intravenously or subcutaneously methemoglobin 
alone is produced in the red cells up to a maximum value and then as Haldane, 
Makgill and Mavrogordato (14) were the first to show, the normal hemoglobin 
is gradually restored. With intravenous injection of 830 mgm. nitrite per kgm. 


body weight, Wendel (23) found that methemoglobin rapidly accumulates in the 
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red cells and after 1-2 hours reaches a maximum corresponding to a loss of about 


2 of the oxygen capacity. It then progressively disappears, owing to the enzyvmy 
systems of the red cells reducing it back to ordinary hemoglobin Che reducing 
substances concerned mav be glucose and/or lactate (24 The reversion 


complete after 8 to 9 hours; reversal at a similar rate is found if the red cells a 
withdrawn at the peak of the methemoglobinemia and incubated in vitro at 
37°C. These observations afforded us a ready opportunity to test two important 
questions: 1. Does methemoglobin produced in vivo shift the oxygen hemo 
elobin dissociation curve just as it does when produced in vitro? 2. When 
the methemoglobin is reduced back again to normal hemoglobin does the dis 
sociation curve revert to its original position? 

The following is a protocol of an experiment on a 17 gram dog to answer these 


two questions. 


9:15 a.m. Arterial blood obtained Hematoerit = 45.3: Hbo, cap 20.0 ve pel 
cent 

9:24a.m. 15 ce. 5 per cent NaNQOs» injected subcutaneously 

9:24-11:30 Slight cyanosis of tongue appeared Dog active, apparent 

11:30 am. 20 ec. 5 per cent NaNO, injected subcutaneously 

12:15 p.m. Vomited. More eyanotic 

12:50 p.m. Abnormally quiet. Obviously ill 


1:00 p.m. Vomited again. Seareely able to stand 


1:20 p.m. Arterial puncture unsuccessful. 25 ce. venous blood obtained deep 
chocolate in color. Hematocrit 46.4; HbOs cap 6.5 vol. per c 
2:30 p.m. Unable to stand, respiratious gasping. QO» administration begur 
tinued intermittently until 4:30 p.m. Oxvgen caused prompt impr 
ment in color, return of normal respirations and increased st 
Dog was able to stand after 15 min 1) Stopping 


return of stupor and collapse 


1:30 p.m. Finally awake but very weak without O Still very cyanotic 
8:00 a.m. Next morning. Appeared normal, active, not eyanoti 17 
blood taken, normal color Hematocrit 46.8 HbO, « 21.5 


per cent 

Next afternoon: The remainder of the blood, drawn at the height of the methe 
globinemia was found, after 3S hours in the ice chest, to cont 
reduced hemoglobin The ©. content was pi ictically nil and the O 


capacity had returned to 20 vol per cent 


The train of symptoms through which the dog passed, and the changes in the 
hemoglobin of his red cells during the course of the experiment are in full accord 
with the observation’ of previous workers. 

The oxvhemoglobin dissociation curves on the blood sample drawn betore, 
at the height, and at the end of the methemoglobinemia are shown in figure 3 
Equilibration was carried out at a CO, pressure of 40 mm. Hg, and the blood 
samples were analyzed promptly before any reduction of methemoglobin could 
occur. Again there appears the striking shift and change in the shape ot the 


curve in the presence of methemoglobin. The blood 23 hours after first giving 


nitrite has however exactly the normal properties and the normal dissociation 
curve. Since no evidence Was found Ol pigments mm the plasmas ol any of the 


blood samples, it is inconceivable that new hemoglobin equivalent totwo-third 
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the total hemoglobin of the blood could be formed in so short a time as one day 
The original hemoglobin of the blood in vivo must therefore have been largel 
changed to methemoglobin and then returned to normal again. In so doing, thi 
dissociation curve of the oxyhemoglobin suffered the characteristic shift i 
presence of methemoglobin, but reverted to normal with the reduction of the 
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methemoglobin. We accordingly conclude that the methemoglobin shift of 
the dissociation curve occurs in vivo and is “reversible.” 

In vitro experiments with nitrite. One of the curves of figure 4b (solid tri- 
angles) shows the oxvyhemoglobin dissociation curve of a hemoglobin solution in 
0.6 Molar phosphate buffer at pH 7.4 to which NaNO, had been added to a con- 
centration of 0.0014 M. The technique of preparing the solution was similar 
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o that used with ferricyanide. The exact nature of the pigments was not de 
termined; the gross color was that of methemoglobin. The oxygen CAPACI 
was reduced by 56 per cent and the curve shows a shift to the left in the same 
range as that produced by 56 per cent methemoglobin formed by ferricyanide 
An attempt was made to obtain a dissociation curve on whole heparinized 
human blood to which +’) its volume of 0.055 M NaNOs had been added in vitro 
An exact curve was impossible to obtain since it was found that the oxygen 
capacity gradually fell from 20 vol. per cent to 11.5 then rose over several hours 
to 17.4. Furthermore it was found that the drop in O2 capacity was not identical 
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at different OQ. pressures and temperatures. It can be concluded however even 
from this inexact data that the curve was shifted to the left. 

Additive effect of CO and methemoglobin. The qualitative similarity in the 
effects of COHb and MetHb on the oxyhemoglobin dissociation curve suggests 
that a similar mechanism must exist in the two cases. If so, the effects of the 
two compounds might well be additive when both are simultaneously present. 
This matter is also of interest to test from the practical angle in view of state 
ments that 1, CO and nitrous fumes are synergistic in their action, a mixture of 
the two gases being more toxic than either one when breathed alone. In 
dividuals are sometimes exposed simultaneously to these two gases. 2, the 
toxic action of nitrous fumes may in some cases be in part due to methemoglobin 
formation (for discussion, see 17). 

Figure 4a shows the effects of a, 43 per cent MetHb made by ferrievanide; 
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b, 23 per cent COHb; ¢, a mixture containing 12 per cent COHb and 20 per ce: 
MetHb on the oxvhemoglobin dissociation curve in 0.6 M phosphate, pH 7 
oC. The 43 per cent Meth solution and curve were obtained as above. | 
the case of band ¢ a portion of the O.Hb solution used in the control curve w: 
converted entirely into COHb by equilibration with 7 per cent CO for 30 mir 
utes. For the final mixtures, 23 per cent and 12 per cent of this solution wet 
used: the remainder was unchanged O.Hb in b and unchanged OsHb plus Wek 
CN)g to a concentration of 0.0013 M inc. Thirty cubic centimeters of thi 
solutions b and ¢ were used in 300 ce. tonometers, so that the loss of CO to thi 
gas phase should be insignificant, and the per cent COHb in solution remain 
constant. This was confirmed by actual analyses of the hemoglobin solutior 
after 1 to 2 hours’ equilibration. 

Figure 4b shows similarly the effects of d, 56 per cent nitrite MetHb; ec, 
32 per cent COHb; f, a mixture of 29 per cent nitrite MetHb + 16 per cent 
COHb. The solutions were prepared as in the experiments of figure da save 
that there was a final concentration of NaNO» in d of 0.0014 M and in f of 0.0007 
M in place of ferrievanide. 

Inspection of figure 4a, b, shows close agreement between the curves in 
presence of MetHb, COHb, and 50:50 mixtures of the two, both in the case of the 
methemoglobin made trom ferricyanide and of ‘nitrite’? methemoglobin. The 
etfeets of methemoglobin and CO hemoglobin are thus clearly additive. 

The quantitative shifts produced by COHb in figures 4a and 4b agree with 
those found by Douglas, Haldane and Haldane and are greater than would be 
expected from the work of Stadie and Martin. 

Discussion. The results reported in this paper are worthy of discussion 
both from the clinical and theoretical viewpoints. 

Clinical significance. The definite and reversible shift of the dissociation 
curve to the left in presence of methemoglobin constitutes, we believe, the first 
definite proof that presence of methemoglobin in the red cells has an adverse 
effect on the respiratory function of the blood besides the loss of Os carrying 
capacity which methemoglobin formation entails. This new effect of methe- 
moglobin helps to explain the close resemblance mentioned in the introduction 
between the toxic effeets of equal degrees of CO-hemoglobinemia and methemo- 
globinemia. It suggests that more weight should be given than hitherto to the 
appearance of methemoglobin in the blood either in poisoning or in drug therapy. 
Although 20 to 30 per cent methemoglobin should be tolerated well by normal 
individuals, just as is 20 to 30 per cent CO hemoglobin, more than that would be 
likely to lead to serious tissue anoxemia quite independently of any direct toxic 
action of the methemoglobin-producing agent on the tissues. In ill subjects a 
danger point might well be reached at lower concentrations of methemoglobin, 
and continued use of the offending drug in the face of mounting methemo- 
globinemia would only be wise if the drug was for other reasons absolutely 
essential. 

The treatment for methemoglobinemia recommended by Wendel (23) is the 
administration of methylene blue, which catalyzes the enzyme systems of the 
red cell normally responsible for the reduction of methemoglobin in vivo. He 
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is shown that with intravenous injection of 2 mgm. methylene blue per kil 


eram weight, the rate of restoration to ordinary hemoglobin is accelerated about 
ourtold: in dogs. Ou studies lend point to the further de velopment Ol such 
work. 

Che synergistic effect of ¢ () and hitrous fumes, reterre to previou Iv. would 


De readily explained by the additive effect shown in Haure th, if methe mogl bin 
as well as CO hemoglobin, were certainly formed in the red cells under such 
circumstances. According to von Ocettinger’s recent review (17), however, the 
incidence of methemoglobinemia in nitrous fume poisoning is spasmodic and in 
general far less common than other symptoms, ¢.g., especially irritation of the 
respiratory passages and pulmonary edema. 

\Miethemoglobin is probably prod ced more readily by the NO than by the 
NOs present in the nitrous fumes: the latter is naturally apt to be present in 
excess of the former and at concentrations of 50 to 100 parts per million 
produces pulmonary irritation within 5 hour. If aman breathed 75 parts pet 
million nitrous fumes for | hour and were to absorb the whole of the fumes into 
his blood, calculation shows that the oxvgen capacity of his blood would only 
be reduced by 4 per cent assuming a ventilation rate of 10 liters per minute, a 
blood volume of 5 liters and the development OL an CQuiy alent of methemoglobin 
for every molecule of nitrogen oxide absorbed. "The natural reducing systems of 
the red cell are capable, according to Wendel (23), of reducing about 10 per cent 
of the total hemoglobin of the blood from methemoglobin per hour. [t ts thi 
not surprising that in the majority of cases of nitrous fume poisoning, methemo 
globinemia is negligible in comparison with pulmonary and other symptoms 

In case of methemoglobin-producing agents like aniline, which is a frequent 
source of methemoglobinemia amongst industrial workers, it has been observed 
that the condition appears much more gradually than after nitrite, and likewise 
disappears more gradually. Aniline itself is probably not the true oxidizing 
agent, but gives rise to the latter slowly; furthermore, the aniline itself may only 
be slowly eliminated from the body. In such case the reversibility within the 
body is much less apparent than with nitrite, and therapeutic measures should 
be devised to promote excretion or destruction of the noxious agent, as well 
as reduction of the methemoglobin. 

Theoretical interpretation and suggestions. The S-shape of the oxvhemoglobin 
dissociation curve is now generally explained by the intermediate compound 
hypothesis which was first put forward in general form by Adair (1, 2) and was 
subsequently developed in a special form by Pauling (18, 10 \ccording to 
this hypothesis the blood hemoglobin molecule, since it contains 4 ferrous atoms 


of iron, reacts with Os in four stages. 


Hby + Or» Hb 


+ Ox 2) 
Hb,O, + 3) 
+ Os (4) 


At very low Os» pressures the principal oxygen compound formed must be the 
monoxy compound HbhyOo, and the dissociation curve is practically a straight 
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line: it soon, however, takes an upward turn, which is assumed to be due to th 
greater ease of formation of the dioxy compound, Hb,O,, once an appreciab|: 
amount of the monoxy compound has been formed. The Hb,O, in turn increas 
the ease of formation of Hb,Os, ete. The S-shape of the CO-hemoglobin disso 
ciation curve is similarly interpreted. To explain the effect of COHb in in 
creasing the affinity of the residual hemoglobin for O» (fig. 4a and 4b) we must 
postulate that the formation of the monocarbonyl compound Hb,CO, ete., 
not only increases the ease of attachment of further CO molecules, but also 
increases the ease of attachment of O. molecules to the residual iron atoms. 

According to current conceptions, the iron atoms are solely ferrie in the 
methemoglobin molecule, which may be written (Fe**+*+),X in distinction from 
reduced hemoglobin, in which the iron atoms are ferrous ((Fet*)4X). 

Application of the intermediate compound hypothesis to the hemoglobin- 
methemglobin equilibrium leads to the postulation of intermediate compounds 
(Fet++), (Fet++),X, (Fet+). (Fet++).X, (Fet+) (Fet++)sX. Since methemo- 
glcbin has been found to produce qualitatively the same shift in the oxvhemo- 
globin dissociation curve as CO-hemoglobin does, we conclude that the oxi- 
dation of one or more of the ferrous atoms to ferric must increase the affinity 
of the remaining ferrous atoms for Os, in a similar but lesser degree than the 
effect produced by the combination of the same number of ferrous atoms with 
CO. This then is our interpretation of the results summarized in figures 1 and 2. 

Two special cases can be conceived in which wholly ferrous and wholly 
ferric hemoglobin could coexist without mixed ferrous-ferriec intermediates 
being present. 

A. It the hemoglobin molecule contains not four but only one atom of iron, 
as in muscle hemoglobin and chironomus hemoglobin there can be no compounds 
of intermediate structure. Conversion of part of the hemoglobin to methemo- 
globin should not in these cases shift the dissociation curve from its normal 
position or shape which is that of a rectangular hyperbola. It would be in- 
teresting to test this deduction experimentally, and likewise to study the redox 
potentials of these special hemoglobins,' since the intermediate compound hy- 
pothesis has also been considered in the interpretation of the redox potentials of 
the hemoglobin-methemoglobin svstem in the case of mammalian blood hemo- 
globin (9, 21). 

B. If two parts of normal hemoglobin solution ((Fe**),X) are quickly mixed 
with one part of hemoglobin solution which has been completely converted to 
methemoglobin ((Fet+**),X), the solution just after mixture should contain 
only completely ferrous and ferric molecules. If the dissociation curve could 
be obtained quickly enough there should be either no shift or a much smaller 
shift than usually found with 33 per cent MetHb. We did one test of this kind 
at pH 7.4 with methemoglobin made by ferricyanide, but we could not reduce the 
time of the experiment below 15 minutes, and it is perhaps not surprising that 


‘Taylor, J. F. and Morgan, V. E. J. Biol. Chem. 144: 15, 1942 have just reported 
a study of the redox potential of the metmyoglobin-myoglobin system which indicates 


a simple unimolecular reaction without any intermediate compounds. 
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found the usual shift, for in this length of time the equilibrium between the 
arious intermediates ((Fe**) (Fe X, ete.) might well have been established 
specially with the ferricvanide-ferrocyanide system also present and probably 
speeding up the necessary electron transfers. To avoid the latter possibility 
ve did a similar experiment at pH 7.4 with methemoglobin made by Brooks 
method. Twenty-four hours’ incubation at pH 5.6, pO. = 20 mm. was, however, 
necessary to prepare the methemoglobin solution by this method. Unfor 
tunately during this prolonged period a strong reducing agent was found to have 
developed which rapidly used up the O» in the equilibrated samples before 
analyses could be completed. The nature of this agent was not determined 
Success might be attained with the ferrievanide method if the mixing ol 
the hemoglobin solutions and determination of the oxygen equilibrium could be 
carried out in a fraction of a second by some rapid flow method. 


At very high percentages of methemoglobin only the molecules (Fe Ket++), 
X and (Fe**+*);X should be present and according to the law of mass action 


the dissociation curve should be a rectangular hyperbola, since the only equilib 
rium to be considered would be that given by the reaction. 


O. + = (O2)(Fet*+)(Fet 


The series of curves in figures | and 2 do show a progressive tendency from the 
S-shape towards the rectangular hyperbola, but we could not work with high 
enough percentages of methemoglobin (i.e., 95 per cent) to test this idea outright 
owing to 1, inaccuracies in the OoHb estimations with solutions of such low residual 
QO. capacity; 2, the possibility that the reversibility of the system O.lib— 
Hb—Met Hb—O.— terrievanide-ferrocvanide (v. Introduction) might lead to 
relatively large variations in the concentration of the reduced hemoglobin fre 
to combine with O. when the Oy pressure was varied and the total amount ot 
ferrous hemoglobin was low. The latter was not a significant factor with the 
percentages of methemoglobin used in figures 1 and 2 but might well become so 
at percentages > 95. 

It seems probable that other hemoglobin compounds such as NO hemoglobin, 
sulfhemoglobin and the various derivatives of methemoglobin would affect. the 
oxvhemoglobin dissociation curve in the same way as CO-hemoglobin and 
methemoglobin have been shown to do. We have no evidence on the matter, 
but would suggest that sulfhemoglobin, and possibly also the so-called “inactive” 


hemoglobin would be of the most practical interest to study first 


SUMMARY 


1. In mixtures of methemoglobin and ordinary hemoglobin the oxvgen 
dissociation curve is shifted to the left as the me themoglobin percentage im 
creases: the shape also becomes progressively less sigmoid and more hyperbole 
The effect is qualitatively the same but quantitatively less than that produced 
by CO-hemoglobin. 

2. The effect has been demonstrated in a, solutions of ox and human hemo 


globin in 0.6 M phosphate with methemoglobin made by ferrieyanide, aerobic 
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oxidation or nitrite; 0, dogs’ whole blood during poisoning with nitrite. ‘ee i 
ize of the effeet is the same over the pH range 6.8 to 7.4 and temperature rang 
25 to 3 ( | 

3. This effect of methemoglobin is reversible, as is shown by the return of thi 
dl ssociation eurve to normal when the methemoglobin produced in thy red cell 
ot the dog by nitrite Injection, has had time to be complet: 1\ reduced bv th 
natural enzvmie svstems of the red cell. 

1. The shifts produced by CO-hemoglobin and methemoglobin are additive 

5. This newly discovered ctiect means that in methemoglobinemia the tissues 
are liable to anoxe mia, hot only from loss of Oxy fen Capacity of the blood, but 
also from increasing difieulty in the unloading from the blood of such oxygen a 
is available. Methemoglobinemia should therefore receive more attention in 
industrial conditions and in drug therapy than hitherto. 

6. The mechanism of the effect is believed to be due to the formation of com 
pounds intermediate between reduced hemoglobin (wholly ferrous) and 
methemoglobin (wholly ferric), the conversion of one or more of the four ferrous 
atoms in the hemoglobin molecule to ferric leading to an increased affinits Ol 
the remaiming ferrous atoms for 
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CAPILLARY PERMEABILITY AND THE ADRENAL CORTEX 
STUDIES OF CERVICAL LYMPH IN THE 
ADRENALECTOMIZED DOG 


OLIVER COPE, ADDISON G. BRENIZER, Jr » HUGO POLDERALAS 


m the Surgical Laboratories of the Harvard Medi Nc) e Ma ( 
Hospital, Be 


Man and experimental animals when suffering from insufficieney of the adrenal 
ortex are in shock. In 1933 Swingle et al. (1) likened this shock to that seen 
ollowing trauma and postulated a réle of the adrenal cortex in surgical shock 
Since the publication of Swingle’s article the relation of the adrenal cortex to 
conditions accompanied by low blood pressure and hemoconcentration has been 
debated. 


The low blood pressure and cle creased plasma volume found in adr nal cortical 


insufficiency could be explained by an increased pe rmeability of the capillary wall. 
Indeed many of the findings in this tvpe of insufficiency in man and experi- 
nental animals might be due to an altered permeability of cell membranes in 
eeneral: it Is coneeivable that a primary effect of the adrenal cortex might be 
on the control of permeability. ‘To test this hy pothesis it was decided to study 
permeability where open to direct experimental observation. The permeability 
of the capillary membrane can be judged by the simultaneous examination of 
blood plasma and lymph, and this present paper deals with the cervieal lymph 
of the adrenalectomized dog. It has been well established by Drinker and his 


collaborators (2) that Ivmph colleeted from a trunk in the periphery of the bods 


represents essentially extracellular fluid. The walls of the lymphatic channels 
are so freely permeable to extracellular fluid that only one true cellular mem- 
brane, the capillary wall, exists between the blood stream and Ilvmph Any 
change in the comparative concentration of the constituents of lymph and blood 
plasma points, theretore, to an alteration in capillary permeability. 

Merrnops. To obtain adequate volumes of Ivmph, dogs were used. All 
experiments were made without general anesthesia because adrenally insufficient 
animals have apparently a decreased tolerance to various anesthetic agents, 
and also to exclude any complicating effect these agents might have upon capil 
lary permeability (3). The dogs were first trained to le quietly strapped to a 
table on their back. Under aseptie precautions and with procaine hydro- 
chloride anesthesia (1 per cent solution injected locally into the skin and sub- 
cutaneous tissues only) it was possible to cannulize the cervical lymphatie trunk 


low in the neck. The wound was closed around the cannula for the duration of 
the experiment. Efforts were made to reproduce the conditions of Iwmph 
collection of MeCarrell of Drinker’s laboratory (4). The flow of Ivmph wa 
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stimulated by flexing manually the head on the neck 15 times per minute; 
the end of the minute the lymphatic vessel was emptied by gentle massage int 
the cannula. The flow of lymph was recorded by weight for each 10 or 20 mit 
ute period. 

In the animals on which both control and experimental observations we 
made, the controls were on lymph removed from the trunk of one side. Aft: 
adrenalectomy the lymph was recovered from the trunk of the other side, t! 
first trunk having been tied off. 

The protein of the lymph was measured by the refractometer on approxi 
mately each cubie centimeter collected. The refractometer readings we 
checked in each experiment at at least one point by Kjeldahl nitrogen dete 
minations. The chemical determinations were by standard laboratory pr 
cedures. All blood studies were made on arterial blood except for a few of the 
dye and thiocyanate determinations which were made on blood removed without 
compression from the external jugular vein. The plasma and extracellular fluid 
volumes were measured by the method of Gregersen and Stewart (5) during 
the course of the collection of the lymph. The arterial blood pressure was 
recorded from a cannula in the femoral artery during the insufficient but not the 
control period. 

EXPERIMENTS. The experiments were divided into two groups; 11 dogs in 
all were used. 

Group 1. Five dogs were adrenalectomized in two stages by the lumbar route. 
They were then maintained on adrenal cortical extract? for four to six days in 
order to eliminate the complicating effects of operation and anesthesia. Vary- 
ing amounts of sodium chloride were given in the diet. During the development 
of insufficiency the animals were fed by hand if they refused to eat in order to 
minimize the factor of starvation. When the animals were definitely insufficient, 
but at varving degrees clinically and chemically, both cervical lymphatic trunks 
were cannulated. Lymph was collected for two or more hours until the rate of 
flow was established and there was sufficient for the various analvses. 

Three unoperated dogs were used as controls. 

The data for comparable blood and lymph samples of these eight animals 
are given in table 1. The lymph figure is an average of several determinations. 

Group 2. Three dogs were observed both in the normal and insufficient states, 
each animal acting as its own control. 

After the right adrenal was removed, the control observations on lymph from 
one cervical trunk and the plasma and extracellular fluid volume determinations 
were made.* When the neck wound was sufficiently healed to exclude infec- 
tion, the left adrenal was removed. Cortical extract was injected for four to 
seven days before the animal was allowed to develop insufficiency. A high salt 


2 We are indebted to The Upjohn Company for generous gifts of adrenal cortical extract 
for these experiments. 


Although a mild insufficiency may result following the removal of one adrenal (6), it 
is considered that with the passage of time in a healthy animal the remaining gland under 


goes sufficient hypertrophy to give normal function 
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ntake was given by substituting normal saline for drinking water, and food was 
forced. None of the animals vomited. Finally when the dogs were unsteady 
uit not in severe or terminal insufficiency, the other lymphatic trunk was can- 
nulated. Lymph was collected, the blood pressure followed, and the plasma 
and extracellular fluid volumes determined. 

The results of these experiments are given in table 2; as in table 1, average 
figures are given when more than one comparable determination was made. 

In table 3 is given the flow, the protein concentration and weight of each 
sample of lymph collected, and the blood pressure throughout the experiment 


TABLE 3 
Lumph flow, concentration and weight per minute of lymph protein collected from a « cal 


lymphatic trunk in dog 9 before and after adrenalectomy 


CONTROL 3.19.41 ADRENAL INSUFFICIENCY 4.10.41 
Lymph Lymph 

Protein Protein Bloo 

Flow Concen W Flow Concen- 

tration cignt tration Weight 

min gm./100/ cc. =mgm./min min. gm gm. 100/ cc. min mm. Hg 
20 2.03 3.02 3.1 15 1.35 4.27 3.8 
20 1.44 3.02 2.2 20 1.51 1.35 3.3 WW 
20 1.67 3.10 2.6 20 1.22 1.63 2.8 OO 
20 1.54 3.05 2.4 20 1.47 1.71 3.5 90 
20 1.76 2.95 2.6 20 1.23 1.89 3.0 
20 1.89 2.97 2.8 20 1.32 $93 3.3 60 
10 0.78 3.10 2.4 | 20 1.07 5.04 2.4 
Intravenous* 20 0.92 1.89 2.3 
20 1.05 2.94 1.5 15 0.30 5.25 ia 25 
20 1.66 2.68 2.2 Intravenous* 
20 2.39 2.57 3.1 25 0.64 9.17 1.3 45 
20 2.48 2.33 2.9 20 1.30 4.50 2.9 
20 2.41 2.40 2.9 20 1.44 4.20 3.0 
20 0.53 2.42 0.6 20 1.05 4.31 2.3 25 
20 0.56 2.42 0.7 


* Six hundred cubic centimeters physiologic saline in 20 minutes. 


of dog 9. The effect of an intravenous injection of physiologic saline is shown 
by the figures in this table. Such an injection was given in the three dogs of 
this group. 

Resutts. Lymph flow. The flow of lymph continues in adrenal cortical 
insufficiency but apparently at a lower rate. The results however are not con- 
sistent. The greatest flow observed was in a severely insufficient animal, dog 2. 
The flow averaged 106 mgm./min. from either cannula in spite of a blood pres- 
sure of only 18mm.Hg. The least flow was 17 mgm./min. in dog 11, an animal 
in only moderate insufficiency and having a blood pressure of 110 mm. Ig 

Because of the variation encountered in the different animals, both control 
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and experimental, perhaps the most reliable evidence comes from the anima 
in group 2 in which each animal acted as its own control. The lymph flow 
these three animals was less in the insufficient state. In two there was a 2 
per cent reduction, and in the third, dog 11, a 60 per cent reduction. There w: 
no observable correlation between the volume flow and the extracellular flui 
volume or blood pressure in these three dogs. 

An intravenous injection of 600 ce. of physiologic saline was given the thr 
dogs in group 2 after the determination of the plasma and extracellular fluid 
volumes. Its effeet on the lymph flow was not significantly different in thi 
normal and insufficient states. The entire injection was given within 20 minutes 
After a latent period of about 20 minutes the flow of lymph was increased. Thi 
results of a typical experiment are shown in table 3. 

Protein. The protein content of cervical lymph was increased in the adrenally 
insufficient dog. The average concentration of all the controls was 2.8 grams 100 
ee. and of all the insufficient animals 4.3 grams, an average increase of 1.5 grams, 
or 54 per cent. The increase above normal was as great in moderate as in sever 
insufficiency. 

In the two animals in severe insufficiency, dogs 2 and 3, the protein con- 
centration of the lymph remained the same throughout the period of collection 
Such a stationary concentration of lymph protein was encountered in all of th 
controls. In the adrenalectomized animals in more moderate degrees of in- 
sufficiency there was a steady rise in the protein of the lymph. The difference 
in protein concentration at the beginning and end of the period of collection 
amounted to 0.7 to 1.0 gram for the various animals. This rise in protein in 
the insufficient state is well illustrated in dog 9, table 3, where there was an 
increase of 1.0 gram in two and a half hours. During this period there was a 
steady decline in blood pressure. The animal was slipping into shock, presum- 
ably owing to the manipulations and withdrawals of blood. Such a rapid 
decline was seen in the other animals in moderate insufficiency. It is clear that 
although the protein concentration of the lymph is elevated in moderate in- 
sufficiency when the animal is able to walk and even run, there is a 
further incredse as the animal goes into shock. 

The weight of protein recovered per minute, since it depended upon the volume 
of flow, was variable. It was highest in those insufficient animals in group 1 
having a big flow, and in this group the insufficient animals averaged higher than 
the controls. In the second group, two animals put out less protein into the 
cannula per minute in insufficiency in spite of the increased concentration. Dog 
9 (table 3), on the other hand, even with the decreased flow, in insufficiency had 
a greater output of protein. 


‘It should be pointed out not only that the lymph flow varied considerably in the normal 
animals under what apparently were similar conditions, but also that the pumping of lymph 
in the normal and insufficient animals may not be comparable. The normal animals re 
sisted the head wagging while the insufficient dogs were apathetic. Such continued muscu- 


lar resistance, even though mild, may have made the pumping more effective 
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The serum protein concentration was increased in the insufficient state as ex 
ected. The average of all the controls was 6.3 grams 100 ec. and of all the 
insufficient animals 7.0 grams, an increase of 0.7 gram. 

The averages of both lymph and serum proteins in insufficiency were reduced 
by the exceptional findings in dog 5. In this animal both proteins were consider- 
ibly lower than in the other adrenalectomized animals, vet the dog was clinically 
clearly deficient. During the period of collection, the lymph protein rose from 
2.7 grams to 3.6 grams. 

The two enzyme systems investigated showed an inereased activity in the 
lvmph of the adrenally insufficient animals, a finding consistent with the increase 
in lymph protein. The amylase activity was increased in the blood serum in all 
of the adrenalectomized dogs (6). The amylase activity in the lymph in five 
animals rose proportionately to the rise in the serum; in three (nos. 1, 2 and 3 
the activity almost equalled that of the serum, suggesting an increased filtration 
through the capillary wall of the protein associated with the amylase. 

The choline esterase activity (7) showed an increase in both blood serum and 
Ivmph in the two animals in which it was measured (nos.9 and 10). In the first, 
the increased activity was significantly greater than the rise in serum protein and 
hematocrit would account for, and in the other it was not. In neither animal 
was the proportion between the activity in lymph and serum disturbed. 

Electrolytes. The concentrations of the total base, sodium and potassium in 
the lymph varied but little from those in the blood serum in both the normal and 
insufficient states. Due presumably to the different amounts of salt included in 
the diet, some of the insufficient animals had normal concentrations of total base 
and sodium while others were partially depleted. In all deficient animals the 
potassium was to some degree elevated. 

The high calcium level of cervical lymph reported by Heim (8) in dogs undet 
nembutal is confirmed in these experiments for dogs under local anesthesia. The 
Ivmph calcium in contrast to spinal fluid calcium is almost as high as that of the 
serum. The previously reported (9) normal serum calcium level in adrenally 
insufficient dogs is confirmed with one exception. In dog 10 the serum calcium 
reached 9.6 m.Eq./l. and the lymph calcium 6.8 m.Eq./l. The increased pro- 
tein concentrations alone could not account for these findings; they are un- 
explained. 

The chloride concentration of the control lymph is significantly higher than 
that of the serum, the difference ranging from 6 to 10 m.I¢q./l. In the insuffi- 
cient dog this difference becomes obliterated, presumably due in part to the in- 
crease in protein which acts as an acid equivalent. The decrease in CO, concen- 
tration of the serum (9) is confirmed. The degree of change is irregular and does 
not fall to 50 per cent of the normal until the late stages of insufficiency. 

Non-protein nitrogen. The non-protein nitrogen, elevated in adrenal insuffi 
ciency, was sometimes higher, sometimes lower in the lymph than in the serum 
of the adrenalectomized animals. In the normal dogs the non-protein nitrogen 
of the lymph was either equal or slightly higher. 
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Sugar. Differences in sugar concentration between lymph and whole bloo 
were encountered. In the control dogs 6 and 7 the lymph sugar was 36 and 4 
mgm. higher than that of the blood. 

In insufficiency the sugar levels in general were lower but the lymph sugar lev: 
Was as often below as above that of the blood. The lymph sugar ranged from |' 
mgm. below the blood sugar to 49 mgm. above. The significance of these find 
ings is not clear since plasma sugars before and after fermentation were not don 
Heim (10), studying dogs under nembutal, pointed out that if allowances wer 
made for the unequal distribution of sugar between plasma and cells of the blood 
and for non-fermentable reducing substances in both blood and lymph, there wa- 
little or no difference in sugar concentrations between blood plasma and lymp! 
in terms of concentration in water. 

Plasma and extracellular fluid volumes. The plasma volume was decreased 44 
to 54 per cent in adrenal insufficiency in the three dogs of group 2. Changes in 
the extracellular fluid volume, in contrast, were not consistent; it was decreased 
in one, unaltered in another, and increased in the third. 

A constant blood pressure graph was determined on two of the animals during 
and after the injection of the thiocyanate. No significant change in blood pres- 
sure occurred in either the normal or insufficient states for the first five minutes 
from the onset of the injection. This observation was made because in two otf 
the initial observations in the adrenalectomized animals, shock apparently pro- 
gressed more rapidly after the thiocyanate had been given. It is believed that 
the shock was due to the blood letting and experimental conditions rather than 
to any sensitivity of the insufficient dog to thiocyanate. 

Discussion. The increased protein content of cervical lymph in the adrenal- 
ectomized dog helps to explain the state of shock characteristic of these animals. 
It has been known for many years that the shock due to lack of adrenal cortical! 
hormone is associated with decreased plasma volume and hemoconcentration. 
There has been confusion however as to how much these changes were due to 
water and electrolyte loss from the plasma and how much to total plasma loss. 
The present experiments offer the first direct evidence that, in addition to any 
change in water and electrolyte distribution throughout the body, there is an 
abnormal loss of plasma protein from the blood stream into the extracellular 
spaces. This leakage of plasma protein is due presumably to an increased capil- 
lary permeability. 

The disturbance of osmotic equilibrium by such an increase in protein concen- 
tration in lvmph, and therefore in extracellular fluid, has recently been stressed 
by MeCarrell and Drinker (11). In dogs getting a constant intravenous infusion 
of histamine they found an increased flow of lymph of high protein content in 
spite of the lowered blood pressure. The change in capillary permeability in- 
duced by the histamine permitted a loss of plasma. They pointed out that the 
animal was in a precarious situation because the increase in protein of the extra- 
cellular fluid reduced the capacity of the plasma to draw fluid back into the blood 
stream. <A situation analogous to that of the dog receiving histamine is found in 
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adrenal insufficiency. As the increase in capillary permeability continues, the 
only means for the plasma to replenish itself is by return through the lymphatic 
channels. As the blood pressure falls and muscular activity decreases, the flow 
of lymph decreases and the vicious circle between plasma and extracellular fluid 
is increased. There is little wonder that the adrenalectomized animal should be 
sensitive to histamine (12). 

The protein of the cervical lymph was found to be elevated in moderate as well 
as in severe insufficiency. Dogs still able to walk briskly had as high a protein 
concentration as the severely incapacitated animals. The increased protein was 
therefore not merely an accompaniment of a moribund state. The gradual in- 
crease in protein concentration of the lymph during the period of collection in 
the insufficient animals was probably due to the superimposed, rapidly develop- 
ing shock induced by the surgical manipulations and the removal of blood. 

It is believed reasonable to conclude that the increased protein content and 
enzyme activity of the lvmph points to an increased capillary permeability in 
adrenal insufficiency. It should be pointed out, however, that the lymph was 
collected from one region of the body only and that it cannot therefore be con- 
cluded that a generalized increase in capillary permeability exists. Lymph from 
other organs and regions will first have to be examined. 

The significance of the extracellular fluid volume determinations is open to 
question. Ferrebee et al. (13), using the thiocvanate method in patients with 
Addison’s disease, found a decrease in extracellular fluid as well as in plasma 
volume. Thorn (14), also studving patients, obtained such variable results that 
he considered the method unreliable in adrenal insufficiency. He suggested that 
cells, in the absence of the cortical hormone, might become permeable to thioceyva- 
nate. Such an alteration of cell permeability could account for our own results 
On the other hand if the intakes of salt and fluid are maintained during the period 
when the animal is developing the signs of insufficiency, it could well be that the 
extracellular fluid volume would actually be increased above normal. If the 
decreased concentration of thioevanate in the plasma were to be explained by 
entrance of thiocvanate into cells, it should occur in all animals in the insufficient 
state and the differences encountered would still have to be explained on the 
basis of different fluid volumes, extra- and intra-cellular. 

Too much emphasis should not be attached to the observed rates of lymph flow 
because of the variations encountered. The important thing is that in those 
animals having a high rate of flow in the insufficient state, the protein concentra- 
tion was maintained, indicating that the high protein content was not due to mere 
stagnation of extracellular fluid but to capillary filtration. 


SUMMARY AND CONCLUSIONS 


Lymph was collected from the cervical trunk of normal and adrenalectomized 
dogs under local anesthesia. The protein content of the lymph of the normal 
animals averaged 2.8 grams/100 ce., and of the adrenalectomized 4.3 grams. 
The increase above normal was as great in the dogs in moderate as in severe in- 
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sufficiency and was not merely an accompaniment of a moribund state. Tl 
finding offers direct evidence of an increase in capillary permeability in o1 
region of the dog in adrenal insufficiency. 

The significance of this protein increase in lymph to the osmotic equilibriu 
between blood plasma and extracellular fluid is discussed. 

The flow of lymph was in general, but not consistently, reduced in insufficiency 
The extracellular fluid volume, measured by means of thiocyanate, was increased 
as well as decreased. 
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Since the svnthesis of the adrenal cortical steroid, desoxy corticosterone uCe 
tate (DCA), by Reichstein in 1938 (1), many workers have investigated its 
phvsiologieal and pharmacological properties. DCA has been suggested in the 
treatment of the shock syndrome but at present considerable confusion exists 
concerning its \ alue in this condition. 

Swingle and his associates (2) have shown that DCA protects adrenalectomized 
dogs from circulatory collapse and shock produced by muscle trauma, injections 
of epinephrine, and the fluid and salt loss attendant upon the intraperitoneal in 
jections of isotonic glucose solutions, but does not prevent shock following in 
testinal manipulation. Perla and his co-workers (3) demonstrated that DCA 
combined with saline solution increased the resistance of mice to histamine shock 
The beneficial effeets of DCA in shock following severe burns has been shown ex 
perimentally by Wilson and Stewart (4 

On the other hand, Selve and his co-workers (5) found no benefit to accrue 
from DCA in preventing formaldehyde or intestinal trauma shock in rats and 
they point out that large doses of DCA may be dangerous because of deleterious 
effects on the adrenals. Weil et al. (6) were unable to show that DCA caused 
any significant reduction in the mortality of rabbits subjected to intestinal 
manipulation. 

Clinically, Perla et al. (3) claimed beneficial effeets from DCA therapy in a 
small series of patients subject to surgery. Wilson and Stewart (4) found it of 
value in burns. However, Keating, Power and Rynearson (7) found no bene 
ficial effeets of DCA in women undergoing radical mastectomy for breast ea: 
cinoma. 

Obviously results from studies done with adrenalectomized animals need not 
apply to those done with normal animals. It is also apparent that various forms 
of shock may respond in different degrees to DCA therapy. Furthermore, the 
difficulty of evaluating clinical experience with prophylactic procedures to pre 
vent shock can easily lead to the discrepancies in the literature 

fecently we have described a method in which occlusion of the venous return 
from one limb of the dog led to a massive edema of that limb and a state of shock 
followed by death within 3} to 21 hours (8). Since this procedure appeared to 
give consistent results we felt that the action of DCA could be explored in such 
animals. We therefore attempted to evaluate the prophylactic and therapeutic 
action of DCA in a series of such dogs. 


1 Aided by the A. D. Nast Fund for Cardiovascular Research and the Isaae and Kate 
Meyer Fund. 
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Merruop. In this study we have used three series of dogs: a,controls,a group 
fifteen dogs; b, primed dogs, a series of eleven dogs which received, on the aver 
age, 25 mgm. of DCA? in divided doses during the 24 hours preceding the opera 
tion, and an average of 35 mgm. of DCA during the following 24 hours; ¢, wn 
primed dogs. In this ‘‘unprimed” series, three dogs received an average of 40 
mgm. of DCA starting two hours after the operation and continued over a 
period of twelve hours, and six other dogs received 10 mgm. of DCA 10 minutes 
to 2) hours pre-operatively and an average of 36 mgm. during the following 
twelve hours. 


TABLE 1 
Controls 
DOG WEIGHT WEIGHT LEG OVER 
no kom. grams “) of body weight hours 
l 15.4 750 4.8 93 
2 13.2 702 5.3 64 
3 12.7 503 1.0 134 
j 9.5 570 6.0 5 
§ 13.6 737 5.4 6 
6 10.9 668 6.1 43 
7 10.5 458 3 10 
8 11.8 576 1.9 
Q* 11.0 250 Survived 
10 12.0 773 6.4 ) 
11 15.4 363 3.5 33 
12 9.9 486 4.8 | 8 
13 11.3 Survived 
14 11.8 680 5.7 104 
15 11.0 690 6.9 12-21f 


* Sacrificed on 3rd day after operation; edema in leg has diminished. 
+ Animal died between 11:30 p.m. and 7:30 a.m. 
Total number, 15; died in shock, 13; mortality, 87%. 


The observations in these experiments were the same as those outlined in our 
previous report: hematocrit, blood pressure, heart rate, size of leg, etc. (8). 

Resutts. The results of the three series are shown in tables 1, 2, and 3 
respectively. Typical charts of the latter two series are seen in figures 1 and 2 
for comparison with the control series (8). 

The observations in the present control series of 15 (summarized in table 1) 
coincided with those previously reported, with the exception that two dogs sur- 
vived. In those that succumbed, the post-operative sequence was similar to 
those previously reported. 


In the animals primed with DCA, the post-operative symptoms were similar 
but milder than those of the control series. Although the oecluded limbs be- 


? We are indebted to Schering & Co. for furnishing us with the desoxycorticosterone 


acetate 
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came cold and severely edematous, the dogs appeared normal, drank water and 
appeared to be in a good condition. Two of these animals (nos. 1 and 4, tabl 
2) receiving a smaller quantity of DCA pre-operatively (0.9 and 1.6 mgm. & 
died in shock in 43 and 29 hours respectively. One dog with distemper (no. 11 

died in 12 hours with pulmonary edema. Eight out of 11 animals survived 
The blood pressure in the dogs that survived remained unchanged (fig. 1) or was 


slightly reduced. Hemoconcentration, as measured by the hematocrit, was 


Mgm. DCA SUBCUTANEOUSLY 


OPERATION 10 10 10 10 
J 
TOTAL of 30mgm DCA GIVEN SUBCUT. I6 HRS BEFORE OPERATION 200 
OPERATION $} mgms. DCA INTRAMUSCULARLY 2 
SYSTOUC 
Eiso 
| 2100 DIASTOLIC 
| : 
DIASTOLIC 8 
50 | 
3 
a 
50 
0 
Er 
| 
ate 
| Ss) 
yo 
= 
3 75 
° 
=< 65 
= 


HOURS 


DAYS 
Fig. 1 Fig. 2 
Fig. 1. A typical experiment in which desoxycorticosterone acetate was given before as 
well as after the shock producing operation—‘‘primed animal.’’ Note that time scale is in 
days. Discussed in text. 
Fig. 2. A typical experiment in which desoxycorticosterone acetate was given only after 
the shock producing operation-—‘‘unprimed animal.’’ Note that time scale is in hours 


Discussed in text. 


evident during the first several hours post-operatively, to an extent almost as 
great as in the control series, but returned toward normal levels the following 
day, followed in some by a long period of hemodilution. This reduction in red 
blood cell concentration was coincident with a gradual return of the edematous 
leg to normal. 

The results in the unprimed series were identical with those of the control 
series (table 3). Seven animals died in shock, one died of pneumonia and only 
one dog survived. The postoperative picture, as shown in part in figure 2, was 


almost identical with the control series. 
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DOG WEIGHT 
kgm 
15 5 
2 13.0 
3 11.0 
4° 9.0 
5 10.5 
6 12.2 
7 13.6 
8 12.7 
9 12.2 
10 12.2 
11t 12.7 


* Died in shock. 
t Died with pulmonary 


Total number, 11; survived, 8; 


= intramuscularly; 
DOG WEIGHT 

Pre 
n kem. 
1 9.5 10, 
2 11.3 10, 
3t 12.2 10, 
} 11.0 10, 
5 8.2 10, 
6 13.1 10, 
7 13.6 
8 10.4 
9 10.9 


* Administered 10 min. 
+t Died with pneumonia 
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TABLE 2 
Dogs primed with DCA 


AND 


TOTAL MGM. DCA INJECTED 


Pre-operative 


15, IM 
20, IM 
15, IM 
15, IM 
30, IM 
30, Sub Cut. 
30, Sub Cut. 
30, Sub Cut. 
20, Sub Cut. 
35, Sub Cut. 
10, Sub Cut. 
edema. 
mortality, 


Sub Cut. 


PERLOW 


Post-operative 


10 
30 


2, 


20 
130 
50 


10), 


40 


20, 


, IM 
, IM 
IM 
, IM 
, IM 
IM 
IM 
IM 
, IM 
IM 


10, Sub Cut. 


9707 
ot 


subcutaneously. 


TABLE 3 
Dogs receiving DCA post-operatively 


TOTAL MGM. DCA INJECTED 


operative* 


IM 

Sub Cut. 
Sub Cut. 
Sub Cut. 
Sub Cut. 
Sub Cut. 
None 
None 
None 


Post-operative 


10, 
30, 
40), 
50, 
30, 
30, 
30, 
40, 
60, 


IM 
Sub C 
IM 
IM 
IM 
Sub C 
Sub C 
Sub C 


Sub C 


ut 


ut. 
ut. 
ut. 
ut. 


to 24 hrs. pre-operatively. 


Total number, 9; died in shock, 7; mortality, 78%. 


IM = intramuscularly; Sub Cut. = subcutaneously. 


Discussion. Our results indicate that when DCA is given in adequate 
quantities (1.3 to 3.0 mgm./k) for the 24 hours preceding the shock-initiating 
operation, it is an effective agent in preventing the type of shock produced in our 
experiments. If the administration of DCA is delaved the prophylactic effect is 


reduced and may be inadequate to prevent shock. 


DURATION OF 
LIFE 


hours 

299 
Survived 
Survived 

1} 
Survived 
Survived 
Survived 
Survived 
Survived 
Survived 

12 


WEIGHT 
INCREASE 
EDEMATOUS 


LEG 


of body weigh 


~“J 


WEIGHT INCREASE 


DURATION OF 


4 


Ww 


OF 


EDEMATOUS LEG OVER 
CONTRALATERAL ONE 


LIFE 

hours grams 
43 190 

Survived 

15 694 
15 690 
7 396 
1] 1175 

20 676 
12 665 
12 642 


It must be borne in mind that 


or 


of body 


weight 


3.4 
15 
— 
= 
2.0 
5.7 
6.3 
8.9 
1.9 
6.4 
5.8 
| 
| 


ACTION OF DESOXYCORTICOSTERONE IN SHOCK So 


en though DCA is a valuable prophylactic agent in this form of shock, it may 

ot be efficacious in other forms of shock. 

In the present experiments DCA might operate in one or more ways: 1. It 
might maintain the normal permeability of the capillaries or alter the forces con 
trolling the exchange of fluid between blood and tissues so that the rate of escape 
of fluid from the blood might be lessened. 2. It might alter the water balance 
a, by decreasing the renal excretion of fluid; b, by enhancing thirst; c, by lessening 
the tendency to vomit; or d, by affecting the salt-water balance between the 
blood and tissues. In one or another of these ways a more positive water balance 
would be favored with consequent less strain on the extracellular and vital in 


60 
50 
ao 
30 


2° 


% INCREASE OF CIRCUMFERENCE OF THIGH 


OVER CONTROL READING 


HOURS AFTER OPERATION 


Fig. 3. A graph summarizing the changes in mid-thigh circumference observed in the 
control (solid line , the unprimed dash line) and the primed dot-dash line) series following 
the shock producing operati m. The change in circumference in each series is the average 
increase over the value existing before the operation in the dogs which survived at each time 
interval. The number of animals surviving at each time interval in each series is shown bi 
the figures on each curve. Discussed in text 


racellular water compartments. 3. It might operate directly on the cardio 
vascular system, and so aid in maintaining peripheral vascular tone, or delay or 
prevent the decrease in cardiac activity which contributes to making shock 
irreversible. 4. It might counteract a humoral toxic agent released from the 
edematous limb. 

In the course of our studies circumferential measurements made of the edema 
tous leg at mid-thigh and mid-calf showed that the size of the leg tended to in 
crease in the same proportion at these two levels. In figure 3 is plotted the 
average values for mid-thigh, expressed as per cent increase over the eireum 
ference before operation, together with the number of animals on which these 
measurements were made at each time interval. The decrease in these figures 
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indicates the number of deaths in the preceding hour. Certain trends are ap- 
parent, even though the measurements were necessarily crude. 

If the curve depicting the average increase in circumference of the edematous 
leg in the control series is followed, it will be seen that it flattens out as soon as 
the mortalities occur, indicating that the animals with the greater rate of leg 
enlargement died sooner. This confirms our previous observation (8) that the 
time of death of the animals was roughly in inverse proportion to the rate of fluid 
accumulation in the leg (as can be seen, table 1, by the value of 


per cent increase in edematous leg weight at necropsy 
body weight of dog 

divided by the time of post-operative survival). In other words, with animals 
with the greater rate of accumulation of fluid succumbing, the curve must 
flatten out. The slight flattening out of the curve before mortalities occur could 
be explained by the increased oncotie pressure associated with hemoconcen- 
tration and the increase in tissue pressure as edema developed, both of which 
tend to lessen the escape of fluid into the leg. 

More significant is the fact that during the first five hours, the average thigh 
circumference of the primed DCA series was less than that of the unprimed DCA 
series and the latter less than the control series. While the differences are not 
great, the trend unmistakably indicates that DCA tends to diminish the loss of 
fluid into the occluded limb. Since the results from this laboratory indicate that 
DCA is without effect on capillary permeability (9, 10), the mode of action must 
be on either the hydrostatic or oncotice pressure in the blood. The fact that the 
blood pressure, and presumably the venous and capillary pressures, drops more in 
the control and unprimed series than in the primed series in this time interval, 
would rule out the hydrostatic factor, which in fact would work in the opposite 
direction. So, by exclusion, it would imply an action on the oncotic pressure of 
the blood favoring retention of fluid in the blood. This action of DCA is further 
substantiated by comparing the rate of increase in leg size in the primed and un- 
primed series after the fifth hour. 

Thus, this analysis shows that one of the main differences between the three 
series appears to depend on the rate of accumulation of fluid in the oecluded limb. 
The delay in death of the unprimed dogs is probably due to the delayed aceumu- 
lation of fluid in the leg. In fact, the still slower accumulation of the fluid in the 
primed dogs may explain, in part, their survival. The manner by which the 
oncotie pressure changes are induced is not revealed in these experiments. 

It will be noted that death occurred in the control series after an amount of 
fluid equivalent to about 4 per cent of the total body weight had accumulated in 
the edematous leg (table 1). In the primed series the rate of fluid accumulation 
was reduced but despite the fact that the leg size increased ultimately almost as 
much as in the control series, shock and its sequelae were prevented by DCA. 
This indicates that the action of DCA in preventing shock is not solely on the 
loss of fluid. This is evidenced further by the fact shown in figure 3 that the rate 
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of hemoconeentration could not be related to the rate of increase in leg size or to 
the development of shock. Furthermore, no correlation could be established in 
the rate of hemoconcentration in the three series. These findings suggest that 
hemoconcentration is not an infallible quantitative guide of the development o1 
occurrence of shock, even when plasma loss appears to be the initiating mech- 
anism as in our experiments. For example, in dog 15, table 1, no hemoconcen 
tration was noted in the first 12 hours of post-operative observation, and yet 
toward the end of this period the blood pressure definitely began to fall. 

The loss of fluid from the blood as shown by the hematocrit is directly cor 
related with the rate of fluid accumulation in the leg during the first few hours 
Furthermore, the homeostatic mechanism which tends to restore the ratio of red 
blood cells to plasma volume per cubic centimeter of blood takes several hours to 
manifest itself. Once it is set in motion this mechanism continues and ‘“‘over- 
shoots” leading to a hemodilution. This lag in the action of the mechanisms 
compensating for the loss of fluid from the blood makes it possible for rapid 
fluid loss, as occurred in our experiments, to be incompletely compensated and 
thus permit the development of an irreversible state before the adjusting mech 
anisms are in full operation. 

It is interesting in this connection that upon analvsis the edematous leg of the 
unprimed DCA dogs reached a higher circumferential measurement after the 
fifth hour than did the control dogs, thus suggesting that they could survive a 
greater loss of fluid because DCA was given. Our results indicate that the ir 
reversibility of shock is not dependent solely on the loss of blood or plasma 
volume but also upon the secondary changes which this sets into operation. 

The mechanisms by which DCA operates is not revealed by our experiments, 
but it is clear that it lessens the intensity of some of the deleterious processes 
which induce the vicious eyele leading to irreversibility of the shock condition. 
Its value as a prophylactic agent, when used early enough and in adequate dos 
age, in those forms in which loss of plasma is the initiating factor seems es 
tablished. It probably may also be of value prophylactically in other forms of 
shock, but its precise utility must await further analysis of its actual mode of 


action. 


SUMMARY 


1. Experimental massive venous occlusion of a leg leads to a fall in blood 
pressure, a rise in hematocrit and an increase in the size of the leg amounting to 


2.3 to 6.9 per cent of the body weight. This results in death in 33 to from 12 to 


21 hours. Only an oecasional animal survives (2 out of 15 in our series 

2. The administration of desoxyecorticosterone acetate (DCA) over a period 
of 24 hours previous to, and during the first 24 hours after the onset of the venous 
occlusion prevents the development of the state of shock and the animals survive 
8 out of 11 in our series) despite a loss of fluid comparable to that in the control 
series. 


3. When the DCA is not given sufficiently early before the onset of venous oc 
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clusion, the pieture of shock and the mortality are similar to those of the u 
treated animals (death occurred in 8 out of 9). However, the average time 
death is delayed somewhat and the loss of fluid is greater. 

t. Evidence is given to show that DCA decreases the rate of fluid loss due pri 
sumably to some action on the oncotie pressure of the blood. 

5. The action of DCA in preventing shock and the development of an i 
reversible state is due to some other mechanism in addition to its action on flui 
loss from the blood. The nature of this action was not revealed by these studies 
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EFFECT OF VAGOTOMY AND OF SYMPATHECTOMY ON THE 
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Evidence that sectioning of visceral efferent nerves results in hypersensitivity 
of the denervated effectors to the action of adrenalin has been derived mainly 
from experiments involving excitatory adrenergic nerves. Less evidence is avail- 
able with regard to cholinergic and inhibitory adrenergic neuro-etfector svstems. 
Cannon (1) has recently reviewed the literature and has formulated a “law of 
denervation.”’ Studies testing the applicability of the generalization to inhibi- 
tory adrenergic nerves are few and contradictory. Elhott (2) (3) and Langley 
and Magnus (4), who were interested in the site of action of adrenalin rather 
than the quantitative aspects of the problem, reported normal reactions of ef- 
fectors to adrenalin after sectioning of their inhibitory adrenergic nerve supply. 
More recent workers who have designed their experiments for the purpose of 
determining if altered sensitivity to adrenalin occurs following destruction of 
inhibitory adrenergic nerves have, in most cases, reported sensitization. The 
effectors utilized have been perfused guinea pig bronchioles (5), rabbit intestine 
(6) (7) (8) (9) (10) isolated or zn situ in acute experiments, the non-pregnant 
feline uterus in acute experiments (9), and the unanesthetized dog intestine 
in situ (11). One investigator (12), utilizing the dog intestine in acute experi- 
ments, reported a reversal of the action of adrenalin following denervation. In 
the studies by Drake el al. (10) on rabbit intestine precautions were taken to 
determine separately the effects of sympathetic and parasympathetic denerva- 
tion. In the study utilizing unanesthetized dogs (11) it was demonstrated that 
extrinsically denervated Thiry fistulae of the jejunum were hypersensitive to 
the inhibitory action of adrenalin. The present experiments have been per 
formed to determine the effects of various operations upon autonomic pathways 
to the intestine on the sensitivity of intestinal smooth muscle to the inhibitory 
action of adrenalin. 

MertTuops. Dogs were prepared each having two Thiry fistulae made from 
adjacent segments of the upper jejunum. Following recovery from the opera- 
tion the sensitivity of these loops to adrenalin was determined by injecting ad 
renalin solutions intravenously from a motor-driven svringe. An adrenalin 
injection rate was determined in each case that would produce submaximal 
inhibition of intestinal motility as recorded by balloon-mercury-manometet 
systems. Effects of injections at one-half and twice this rate were also recorded. 

1 Aided by a grant from the John and Mary R. Markle Foundation 
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Precautions used in preparing and injecting the solutions were the same as tho 
described in the previous quantitative study (11). The animals were then su! 
jected to either vagotomy or sympathetic decentralization of the preaort 
ganglia. Sensitivity to adrenalin was re-determined, and then one of the tw 


Fig. 1. A-F. Diagrammatic representation of the innervation of intestinal segments 
remaining after various operations. Possible variations from this schema are discussed 
in the text. Vagal pathways are indicated by broken lines; sympathetic pathways are 
represented by continuous lines, and the double waved lines indicate the location of the 
interruption of pathways with reference to the first and second neurones in the visceral 
efferent pathways. 

A. Vagotomy,—preganglionic interruption of parasympathetic innervation of both 
loops. 

B. Splanchnicotomy and lumbar ganglionectomy,—destroys sympathetic connections 
with the pre-aortie ganglia but leaves intact the nerve fibers passing to the intestine from 
cell bodies in the pre-aortie ganglia 

C. Mesenteric denervation,—destroys preganglionic parasympathetic and post 
ganglionic sympathetic innervation of the segment. 

I). Combination of A, B and C,—results in destruction of all connections between the 
pre-aortie ganglia and the central nervous system (C.N.S.), and one of the segments has 
its connections with the pre-aortie ganglia destroyed. 

KE. Combination of A and C,—one segment has its sympathetic connections with the 
central nervous system intact, while the other has its sympathetic connections with the 
pre-aortic ganglia destroyed 

Fk. Alternative diagram of D 


loops in each animal was denervated by sectioning the nerves in the mesentery. 
The vagotomies were done by sectioning the nerves along the lower esophagus. 
Sympathetic decentralization of the pre-aortic ganglia was accomplished by 
sectioning the splanchnic nerves and removing the lumbar sympathetic chains. 
The completion of sympathetic denervation of the intestine was indicated by 
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limination of intestino-intestinal reflexes and absence of a pain response to it 

testinal distention. In some of the animals sensitivity to adrenalin was deter 

mined after all three of the operations had been completed. “The purpose when 
studving the effeet of any one set of nerves Was to have the two loops differ from 
each other only with regard to that set of nerves. This was not possible in every 
ease, and it Was necessary to record the sensitivity of the same loop for a period 
of time before and after denervation. A diagrammatic representation of the 
innervation of the Thiry fistulae remaining after completion of the various oper 

ations or combinations of operations is contained in figure LT, A BL Towever 
anatomical information concerning the intestinal innervation is) inadequate 

therefore, no interpretations are based on the accuracy of the diagrams 

Resutts. |. Effect of vagotomy on the se nsitivity of intestinal smooth musele to 
adrenalin. comparison of responses to intravenous injection of adrenalin 
before and after vagotomy was made in each of five dogs In two of these 
animals a mild sensitization appeared to have occurred. However, in the other 
three cases there was no definite evidence of alteration of sensitivity Results 
from the five animals indicate that vagotomy either has no effect on the sensi 
tivity of intestinal smooth musele to adrenalin, or it produces a mild sensitization 

These results are essentially in agreement with those of Drake, Modern 
Renshaw and Thienes (10) who concluded that no alteration oceurred in. the 
response of the isolated rabbit intestine to adrenalin following vagotomy. How 
ever, their conclusion was based on comparison of responses of segments of 
intestine from vagotomized animals with segments from other animals with the 
vagi intact. In view of the wide variation in sensitivity of loops of intestine 
from different rabbits, it seems that sensitization would need to be considerable 
in order to be detected by this method. 

I]. Affect of sympathetic decentralization of the pre-aortic ganglia on sensitivity 
of intestinal smooth muscle to adrenalin. Sensitivity. of intestinal loops to 
adrenalin was studied in four dogs before and after svmpathetie decentralization 
of the pre-aortic ganglia and plexuses by means of bilateral splanchnicotomy and 
removal of the lumbar svmpathetic chains. In three of these animals mild 
sensitization occurred. The maximal increase in sensitivity Was less than two 
fold. In the other animal there was no definite evidence of sensitization 

Modern and Thienes (8) reported that sectioning of the splanchnic nerves did 
not alter the response of excised segments of rabbit intestine to adrenalin Llow 
ever, Drake, Modern, Renshaw and Thienes (10) reported that splanehnicotomy 
results in two-fold increase in the sensitivity of isolated intestinal strips to 
adrenalin. The variable results reflect the difficulty of detecting sensitization 
by the isolated strip technique when the sensitization is slight 

Hl. Affect of complete decentralization of the pre-aortic ganglia on sensitivity of 
intestinal smooth muscle to adrenaline Combination of vagotomy, 
tomy, and lumbar ganglonectomy eliminates all nervous connections between 
the central nervous svstem and the pre-aortie ganglia Phe imtestinal loops of 
three dogs having had this combination of operations were only mildly sensitized 
to adrenalin. The maximal sensitization was not greater than twotold 


IV. Sensitization of the intestine to adrenalin by sectioning nervous connection 
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the pre-aorty ganglia and the intestine. The previous experiments 1 | 
demonstrated that mesenteric denervation of a loop of intestine produces a thre 
to seven-fold increase mn SCNSITIVIEN to adrenalin, According to the usual in 
terpretation of intestinal innervation mesenteric denervation would result i 
preganglionic vagal denervation and postganglionic s\ mpathetic deners ation. In 
the present study the effeet of the mesenteric denervation has been determined 
In Vagotomized animals some of which also had the pre-aortie ganglia svmpatheti 


cally decentralized 


| iw. 2 ] fleet of acdre nalin. | 250.000 injected at rates of 1 and 2ce per minute respec 
tively, on the motility of a mesenterieally denervated intestinal se uppel record) 


compared with a simultaneous record (below) from a segment having its Connections with 


the pre-nortu ganglia Intact Phe pre-nortie ganglin have been lized by y wo 
tomy, splanchnicotomy, and lumbar ganglonectomy \ diagrammatic representation of 
the nervous pathways remaining after the denervations is shown in figure 1, 1D 


a. Pre-aortic ganglia completely decentralized. Three animals were prepared 
as illustrated diagrammatically figure 1, Simultaneous records were 
taken from the two loops in each of these animals during the injection of adren 
alin. “Phe two loops ina given animal differ from each other in that one retains 
its Innervation from cell bodies in the decentralized pre nortic ennelin while the 
other does not In each of the three dogs the loop har ng no nervous connections 


with the decentralized ganglia was three to six times more sensitive to adrenalin 


than the loop having its connections with the ganglia intact \ typical record 


is shown In figure 2. 
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NERVE SUPPLY AND ADRENALIN-SENSITIVITY OF INTESTINI 
bh. Pre-aortic ganglia sympathetically or vagally decentralized Pwo animals had 
he pre-aortic ganglia svmpatheticalls decentralized and, in addition, one of 
the loops in each animal was mesenterically denervated, but the vagi were intact 
The results in these animals were indistinguishable from those deseribed in the 
preceding paragraph. The mesenterically denervated loops were three to seven 
times more sensitive to adrenalin than the other loops 
Some of the animals were vagotomized and, in addition, had one of the loops 


mesenterically denervated. The pathways remaining intact after these opera 


Fig. 3. Effeet of adrenalin, 1 1,000,000 injected at rates of 1, 2 and 4 ce per minute 


respectively, on the motility of a mesenterically denervated intestinal segment Cupper 
record) compared with isimult record below) froma segment having of 
Innervation destroved Innervation remaining to ¢ icl f the loops 4 represemte 


diagrammatically in figure 


tions are shown diagrammatically in figure In these animals the dene: 
vated loop was in each case three to six times more sensitive to adrenalin than 
the sympathetically innervated loop. Subsequent sympathetic decentralization 
of the pre-aortic ganglia, resulting in the preparation described ina... only mildly 
reduced the difference in the sensitivity of the two loops. A record obtained 
from a vagotomized animal having one loop mesenterically denervated is shown 


in figure 3. 


/ 


V. Rate of developme nt and duration of hay pre rsensitivity afte mosenterie dere 
vation. In some animals the denervated loop shows sufficiently regular motility 


within two days after the mesenteric denervation so that sensitivity to adrenalin 
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may be tested. Tests repeated every two days for the period of ten days aft: 
the operation indicated that almost maximal hypersensitivity to adrenalin wa 
attained by the time of the first test (two days after the operation Th 
hypersensitivity persists well bevond the time when regeneration of nervy: 
is to be expected. The denervated loop of one of the dogs used in’ th 
former study (11) was more sensitive than the innervated loop three vears afte 

the time when the nerves were sectioned in the mesentery. 

Discussion. Tf the disposition of cell bodies represented diagrammatically 
in figure | is correct the increased sensitivity of one of the intestinal segments 
following mesenteric denervation in an animal with pre-aortic ganglia decent ral 
ized is attributable entirely to sectioning of postganglionic svmpathetic fibers 
However, if any vagal fibers svnapse in the coeliac ganglion the interpretation 
of the results would be more complex. It is also possible that some of the svm 
pathetic fibers emerging from the coeliac ganglia make svnaptie connections with 
nerve cells in the enteric plexuses rather than innervating the smooth muscle 
cells direetly. Another obstacle to a specific interpretation of the sensitization 
in terms of pre- and post-ganglionic sympathetic and para-svmpathetie dener 
vation is the claim that intestino-intestinal reflexes are completed through the 
decentralized coeliac ganglia (13). However, evidence for the existence 
of such reflexes not) complete (14) (15). The experiments clearly 
demonstrate that destruction of all connections between the pre-aortic ganglia 
and the central nervous svstem results in only a mild degree of sensitization of the 
intestine to the inhibitory action of adrenalin. On the other hand, destruction 
of the connections between the pre-aortic ganglia and the intestine, whether these 
ganglia have been previously decentralized or not, causes a three- to seven-fold 
increase in the sensitivity of the intestine to adrenalin. 

Various operations upon abdominal svmpathetie nervous pathways have been 
performed in man for the purpose of relieving hypertension (16).0 The results 
from the dog intestine suggest that operations involving decentralization of the 
coeliac ganglia in man would produce less sensitization of the intestine to the 
inhibitory action of adrenalin than would be produced by removal of the coeliac 
ganglia. However, either operation would involve the destruction of most on 
all of the innervation of the adrenal medullae. 


SUMMARY AND CONCLUSIONS 


The effect of vagotomy and of svmpatheetomy at different levels on the 
sensitivity of intestinal smooth muscle to the inhibitory action of adrenalin has 
been determined by the use of Thiry fistulae of the jejunum in unanesthetized 
dogs. Wherever possible simultaneous records by the balloon-mercury-manom 
eter method have been taken from two loops in’ one animal, these loops 
differing from each other with regard to only one set of nerves. In other eases 
the sensitivity of the loops ina given animal has been evaluated for a period of 
time before and after the denervation. 

Vagotomy either has no effect on the sensitivity of jejunal smooth muscle to 


adrenalin or it produces a slight increase in sensitivity, 
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Sympathetic decentralization of the pre-aortic ganglia either has no effect or 
results in a less than two-fold increase in sensitivity to adrenalin. 

Destruction of the nerve fibers in the mesenteric pedicle supplying an intes 
tinal segment renders that segment several times more sensitive to adrenalin than 
another segment having its nervous connections with the decentralized pre-aortic 
ganglia intact. 

The only denervations which produced marked hypersensitivity of the in 
testinal smooth muscle to adrenalin were those that involved sectioning of axones 
passing to the intestine from cell bodies located in the pre-aortie ganglia. 
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We have reported previously (1) the production of experimental polycythemia 
in dogs, rabbits, and man by the daily administration of ephedrine sulfate. 
The results were attributed to increased erythropoiesis induced by hypoxia of 
bone marrow through diminution of its blood supply, as a result of the vasocon- 
strictor action of ephedrine. In this work we also found that amphetamine 
sulfate induced polycythemia in one splenectomized and three normal dogs, 
but our results on rabbits were inconclusive. 

The present investigation was made to determine whether amphetamine is 
capable of producing polyeythemia in human subjects. 

ProcepurE. The subjects used for these experiments comprised four medical 
students and two teachers ranging from 20 to 35 vears of age. All were healthy 
male individuals. 

Several control observations were made on the blood of each individual over 
a period of at least 2 weeks before the drug was administered. Red cell counts, 
hemoglobin determinations (Hellige) and total leukocyte counts were made 
quite regularly, and reticulocyte percentages were estimated occasionally. 

After the control period each subject took benzedrine sulfate? by mouth in a 
daily dose of 10 mgm. During the first few days blood pressure readings were 
made on each subject before, and at intervals after the ingestion of the drug. 
Observations on the blood were usually made at a definite time of day at least 
20 hours after the previous daily dose of amphetamine. 

Resutts. Figure 1 shows the effect of the daily oral administration of 
amphetamine sulfate upon the red blood cell counts of 5 normal human subjects. 
It will be seen that the erythrocyte numbers of all 5 subjects were increased 
significantly (12 to 15 per cent) within 1 to 2 weeks after the commencement of 
drug administration. Hemoglobin percentages (not shown) were increased pro- 
portionately. Total leukocyte counts remained fairly constant, showing no 
variation in the same direction as red cell changes. The very few estimations 
of reticulocyte percentages showed no significant changes, although there was a 
suggestion of increased percentages of reticulocytes after the red cell counts had 
been increased. Upon cessation of amphetamine ingestion, the red cell counts 
returned slowly to normal, over a period of 6 to 14 days. 


1 Research paper no. 528, journal series, University of Arkansas. 
* The benzedrine sulfate was courteously supplied by Smith, Kline & French Labora 
tories, of Philadelphia, Pa. 
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One subject out of the six receiving benzedrine did not show any change in 
his ervthrocyte number, which remained quite constant around a value of about 
6 million. The data on this subject are not shown in the figure 

Blood pressure was increased uniformly at 1 to 4 hours after benzedrine in 
t of the 6 subjects, during the first few days of drug ingestion. Diastolic pres- 
sure, particularly, was observed to be increased by about 6 mm. on the average 
(not shown). The single subject who did not develop polvevthemia also showed 
no uniform blood pressure response to amphetamine. 


RB.c. 
MILLIONS 
PCR Cu.mm 


SULPATS 
10 MGM DAILY 


18 36 


Fig. 1. Red cell counts in five normal human subjects following amphetamine 
administration 


Discussion. Ehrich and Krumbhaar (2) observed an erythrocytosis accom- 
panied by leukocytosis in rats which were given daily doses of 2 to 80 mgm 
benzedrine sulfate. Ehrich, Lewy and Krumbhaar (3) found that doses of 2 
to 10 mgm. per kgm. daily eventually caused macrocytic anemia in dogs and 
other species, but that daily doses of 1 mgm. per kgm. or less were harmless to 
dogs even when given over a prolonged period of time. Sehube, Raskin and 
Campbell (4) gave daily doses of 10 mgm. of amphetamine sulfate, orally, to 
6 physically normal human patients for 30 days. They followed the blood 
picture in these patients at weekly intervals, but detected no significant changes 

Our strongest reason for believing that the elevated erythrocyte numbers 
observed in our experiments are due to increased erythropoiesis is to be found in 
the slow development of polycythemia (fig. 1) and the slow recovery from the 
same after discontinuation of the benzedrine. The time relationships correspond 
generally with those involved in the production of polycythemia by exposure to 
low atmospheri¢ pressure (5). 

This delay in production and recovery from polycythemia also argues against 
the possibility that our results might be due to blood concentration or to con- 
traction of blood reservoirs. The relative constancy of the total leukocyte 
counts observed in these experiments constitutes additional evidence against 
the possibility of concentration of the blood. Our previous finding that splenec- 
tomized dogs develop polveythemia from the continued administration of 


benzedrine or ephedrine just as readily as normal animals (1) also suggests that 
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blood reservoirs probably are not concerned in the development of thi 
polycythemia. 

The most likely explanation of the mechanism by which benzedrine caus 
polyeythemia seems to rest on the assumption that the drug increases hem: 
poiesis by virtue of its vasoconstrictor action, i.e., causing a diminution of bloo: 
supply to the bone marrow and local hypoxia of that tissue. This explanation 
also seems valid for, and may be viewed as supported by, our recent finding 
that other vasopressor drugs (epinephrine and posterior pituitary) in appropriat: 
doses are capable of producing polycythemia (6). 

We cannot definitely explain why one subject, in the group of six, failed to 
develop polycythemia. Welcould not observe any uniform blood pressure chang¢ 
following his early daily doses of benzedrine, and on the basis of our theory, this 
fact may account for his failure to develop polvevthemia, although it is not in- 
conceivable that a selective vasoconstriction might occur without involving any 
change of general blood pressure. 

It will be noted (fig. 1) that the average increases in red cell counts following 
benzedrine amounted to about 0.75 of a million. We wish to emphasize that 
the observations on the blood were usually made at definite hours of the day, 
and at least 20 hours after the daily dose of amphetamine. In a few experi- 
ments we noted no immediate change in the red cell count 2 to 4 hours after the 
oral ingestion of 10 mgm. of the drug. 

We do not know whether a larger dose of benzedrine or a different route of 
administration would cause a greater polyevthemia, or whether the observed 
polyeythemia would persist with more prolonged administration of the drug. 


CONCLUSIONS 


The daily oral administration of amphetamine sulfate (10 mgm.) caused a sig- 
nificant increase in the erythrocyte numbers of 5 out of 6 normal human subjects 
within 6 to 12 days. 

The results are explained by assuming that amphetamine increases hemo- 
poiesis by causing a local hypoxia of bone marrow through a diminution of the 
blood supply to this tissue. 


Acknowledgment. The authors wish to express their appreciation to Messrs. 
L. Campbell, A. Robbins, G. Ross, D. Wylds, and H. Sims, who served as sub- 
jects in this investigation. 
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In a previous report from this laboratory (1) it was shown that as the intra 
biliary pressure was experimentally increased above the normal secretory pres- 
sure of the liver, the bilirubin level rose in both lymph and blood, but that the 
blood level was significantly and consistently lower. The present report repre- 
sents a study of bilirubin resorption in obstructive Jaundice after blockage of 
the lymphatic channels by ligation of the thoracic lymph duct, thus limiting 
absorption to the blood stream. 

Twenty-three healthy dogs ranging in weight from 12 to 15 kilos were operated 
upon under sterile conditions (group 1). Through a transverse incision over the 
fifth rib, the thoracic lymph duct was ligated in the chest close to the diaphragm 
after the manner recommended by Lee (2). Through an abdominal incision, the 
common bile duct was isolated and severed between sutures. The gall bladder 
was removed in each case and, whenever present, accessory bile ducts leading to 
the duodenum were ligated. Pre-operative and post-operative samples of blood 
were taken at arbitrary intervals for bilirubin determination by the quantitative 
van den Bergh method. On the third post-operative day, the dogs were anes 
thetized by the intravenous injection of pentobarbital sodium, the abdomen was 
opened and the intraductal pressure measured with a water manometer. The 
cisterna chyli and thoracic lymph duct were isolated and all collateral lymphatics 
which might have re-established the continuity of the lymph circulation were 
sought for by careful dissection with or without the aid of methylene blue injected 
as a tracer. A final sample of blood as well as of urine was taken for quanti- 
tative bilirubin determinations. Before the animal was sacrificed a lobe of liver 
was removed in its distended state and sections were made for microscopic study. 

This experiment was controlled in two ways. In one group of seven dogs, ob- 
structive jaundice was produced by ligation of the common bile duct combined 
with cholecystectomy but without lymph obstruction (group IL). In the second 
control group of three dogs, the thoracic lymph duct only was obstructed (group 


III). The three types of experiments are illustrated graphically in figure 1. 
In each series, bilirubin determinations on the blood, lymph and urine were done. 


Resutts. Group I. Simultaneous obstruction of the main lymph duct and 
the common bile duct was followed by edema in the retroperitoneal space along 
the para-aortic and para-caval planes. The edema fluid was yellowish green, 

1 Aided by a grant from The New York Foundation 

2 The authors gratefully acknowledge the valuable help and encouragement of Professors 
Wright and Mulholland. 
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the intensity of the coloring apparently dependent on the concentration of tl 
absorbed bile pigments. The cisterna chyli was markedly distended in all t} 
animals examined and was found ruptured in three. In four dogs bile-stain« 
fluid was present in the peritoneal cavity. All the intra-abdominal lym»! 
glands were enlarged, edematous, and bile-stained. The visceral organs, a 
well as the intestinal tract, aside from being bile-stained, showed no gross edem 
or other changes ascribable to lymphatic block. 

Total lymphatic block was achieved in five dogs of group I (table 1). In fou 
of these animals, the common bile duct was found collapsed instead of distended 
and the intraductal pressure varied from 86 to 128 mm. water. Although the 


Fig. 1. Diagrammatic drawings of hepatic lobule showing direction of flow in each group 
of experiments. Portal vein (?.V.) and hepatic artery (//.A.) supply blood to the sinusoid 
which surrounds the liver lobule. The blood passes out through the hepatic vein (H.V. 

Bile flows from hepatic lobule through bile duct (B.D.). The lymphatie duct (L.D 

originates alongside the bile duct. (A) group I, common bile duct and thoracie lymph duct 
obstrueted; (B) group II, common bile duct obstructed; (C) group III, thoracie lymph 
duet obstructed. 


common bile duct failed to dilate in these dogs, no accessory biliary channels 
leading to the intestine could be traced. In the fifth dog, however, the bile 
duct was markedly dilated, and measurement revealed a biliary pressure of 332 
mm. of water. Bilirubin appeared in significant amounts in the blood of all 
five animals within two hours after operation and 65 hours later reached an 


average concentration of 7.04 mgm. per cent. Samples of lvmph and urine 


obtained at the same time as the final blood sample showed average values for 


bilirubin of 6.99 mgm. per cent and 7.2 mgm. per cent respectively. 

In the other eighteen dogs of group I (table 2), collateral lymph circulation 
developed from a point proximal to the severed thoracic duct, re-establishing 
continuity with either the distal section of the thoracic duct or the right lymph 
duct. Direct communication with a thoracie vein by one or more lymphatics 
was found in six animals. In four, the collaterals arose in the abdomen from 
the evsterna chyli, ascended high along the posterior chest wall, and emptied 
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to the distal end of the thoracic duct. In most cases, the collateral lymphatics 
ere insufficient to maintain normal circulation of lymph as was shown by the 


listention of the thoracic duct and the occurrence of retroperitoneal lymph 


TABLE 1 


Biliary obstruction with obstruction of the thoracic lymph duct 


BILIRUBIN CONCENTRATION FOLLOWING OBSTRUCTION IN MILIGRAMS PER 100 cx 
SECRETOR 
PRESSURE OF 
Blood ymph rine MM 


Hx) 


25 hrs 35hrs. | 45 hr 5 hr 5h 5 hrs 65 HRS 
5.00 


5.68 


3.82 


TABLE 2 
liary obstruction with partial ol struction oj the thoraci lymph duct 


BILIRUBIN CONCENTRATION FOLLOWING OBSTRUCTION IN MILLIGRAMS PER 100 SEcREToR’ 


PRESSURE OF 
Blood Lymph Urine BILE MM 


4hrs. | &hrs. hrs iSh 65 hrs 65 hrs > om 


0.14 | 0.23 90 3.12 ~ 312 

33 76 2.06 360 

2.53 | 3.86 1.80 9.3 $12 

y 36 2. 2.76 ) 374 

51 y 5.95 : 2s4 

.69 2.2 3.4: 1.68 IS6 

.32 | 2.8% 3. 4.1% 6.64 9.: 214 

3.32 104 

4.83 ‘ 20S 

5.08 

218 
19 
20 
21 


23 
Average 
edema. The common bile duct was dilated in all dogs of this series, with an 


average figure of 282 mm. of water for the secretory pressure in the ducts 
Two hours after operation, bilirubin was present in the blood of thirteen of the 


| 0.53 1.87 | 2.15 
2 0.43 2.38 2.86 3.16 5.18 7.54 S00 104 
0.00 | 3.36 | 4.10 6.24 6.76 6.32 3.9 
i 0.31 | 0.84 | 1.41 | 3.20 | 3.63 5.83 7.23 5.40 8.3 12s 
5 0.52 | 1.02 | 1.34 | 2.06 | 2.34 | 5.29 6.70 7.02 9.6 86 
(Average 7.04 6.99 154 

B 

2 hrs, 
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eighteen animals. At the end of the experiment, the average concentration 
bilirubin in the blood was 4.06 mgm. per cent, in the lymph 4.08 mgm. per 
and 6.3 mgm. per cent in the urine. In seven animals, the bilirubin in 

lymph exceeded that of the blood, in five it was significantly less, and in 

others the blood and lymph were approximately equal. 


Microscopie studies of liver sections from group I showed varying amour 
of central necrosis, hepatic parenchymal derangement, and hepatic cell necro: 
Although many of the bile canaliculi were markedly distended, rarely was o1 


TABLE 3 
Control dogs of group IT with biliary obstruction only 


BILIRUBIN CONCENTRATION FOLLOWING OBSTRUCTION IN MILLIGRAMS PER 100 « 


| SECRETOR 
pox PRESSURE 
Blood Lymph Urine BILE MM 
2 hrs. 4hrs.  Shrs. | 15 hrs. 25 hrs 35 hrs. 45 hrs 65 hrs 65 hrs. 65 hrs 65 HRS 
24 0.00 | 0.21 | 0.24 | 0.35 | 0.68 | 0.86 1.14 2.15 2.68 1.1 340 
25 0.00 0.00 0.21 0.51, 0.64 1.00 1.64 1.83 
26 0.08 | 0.27 | 0.27 | 1.46 | 2.54 | 3.26 3.45 $.08 2.49 6:5 360 
27 0.00 | 0.39 | 0.49 | 0.59 | 1.38 1.49 1.64 1.87 
28 0.00 | 0.00 | 0.31 | 1.68 | 2.86 | 3.08 2.87 3.00 
29 0.00 | 0.14 | 0.19 | 0.59 | 0.85 | 1.27 1.46 2.06 282 
30 | 0.00 | 0.16 | 0.24 | 0.38 | 0.92 1.46 1.67 1.93 5.04 ».S 194 
Average 2.41 2.473 5.4 294 


TABLE 4 
of group IIT with thoracic lymph duct obstruction only 


( ‘ontrol dogs 


BILIRUBIN CONCENTRATION FOLLOWING OBSTRUCTION IN MILLIGRAMS PER 100 c¢ 


SECRETORY 
pox a PRESSURE 
NO Blood Lymph Urine BILE MM. 
2 hrs Shrs. 15 hrs. hrs. 35 hrs. 45 hrs 65 hrs. 65 hrs 65 hrs 65 HRS. 


0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 114 
32. | 0.00 | 0.00) 0.00) 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00 108 
33 0.00 | 0.00) 0.00 0.00 |) 0.00) 0.00 0.00 0.00 0.00 0.00 92 


Average : 0.00 0.00 0.00 104 


found ruptured. Lymph spaces and lymphatic capillaries could not be identified 
within the liver lobule or in relation to the hepatic sinusoids or liver cords, but 

; lymphatic vessels in the periportal connective tissue were often distended. 
Group II. A small amount of bile-stained fluid was found in the peritoneal 
cavity of each dog subjected only to obstructive jaundice. The liver was dis- 
tended and deeply coloured as were the other abdominal viscera. Although the 
lymphatics were normal in appearance, they were easily distinguished and 


traced because of the bile pigment in the lymph. The intrabiliary pressure 
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ranged from 194 to 360 mm. (average 294) water (table 3). Bilirubin appeared 
n the blood about four hours after operation and reached an average concen- 
tration of 2.41 mgm. per cent in the last sample. In three cases, lymph was as- 
pirated from liver lymphatics in the gastrohepatic omentum and was found to 
contain an average of 2.73 mgm. per cent of bilirubin. Bile was present in 
all urine specimens examined. Liver sections showed varying amounts of cell 
necrosis and derangement of the hepatic parenchyma. 

Group III. The animals with thoracic lymph duct obstruction alone also 
developed retroperitoneal edema but this was not as marked as in group 1. In 
all three dogs the thoracic duct and its tributaries were distended and contained 
a clear lymph. Careful search at autopsy showed that complete lymphatic 
block had been attained in these animals. Bilirubin was not present in either 
the serum, Ivmph or urine. The common duct pressure was 114, 108 and 92 
mm. of water, with an average of 104 mm. (table 4). Microscopic studies of 
the liver sections yielded no significant evidence of intralobular lymphatics. 

EXPERIMENTAL DATA. The following observations also deserve mention. — In 
the animals with total lymphatic block, a low ductal pressure was found. In 
the controls with only thoracic lymph duct obstruction, a low intraductal pres- 
sure was also obtained. In those animals in which a collateral lymph circulation 


developed after ligation of the lymph duct, the intraductal pressure was ap- 


proximately the same as in the dogs subjected to biliary obstruction alone. 

A comparison of the average concentration of blood bilirubin at the end of the 
experiments in each group revealed the following figures: (1) biliary obstruction 
only, 2.41 mgm. per cent, (2) biliary obstruction with partial lymphatic obstruc- 
tion, 4.07 mgm. per cent, and (3) biliary obstruction with complete lymphatic 
block, 7.06 mgm. per cent of bilirubin. 

In four of the five animals in which complete lymphatic block was achieved, «a 
noteworthy point was the lack of distention of the bile ducts due to the dimin- 
ished intrabiliary pressure. This diminished intrabiliary pressure was not 
associated with obstruction of the bile duct since simple obstruction did not 
diminish the secretory pressure of the liver in the dogs of group II but was as- 
sociated with complete lymphatic block, a procedure which in itself (group I11) 
served to reduce the secretory pressure. The mechanism responsible for the 
reduction of the secretory pressure of the liver by complete lymphatic block 
may have been due to either hepatic cell injury or to an increased rate of escape 
of secreted bile into the intralobular hepatic veins. A third possibility was that 
the lvmphatie block resulted in swelling of the hepatic cells, which produced 
pressure block of the bile capillaries and so decreased the secretory pressure 
of the bile (3). 

Discussion. The amount of bilirubin resorbed by the blood in experimental 
jaundice has been investigated by many workers. Bollmann, Sheard and Mann 
(4) noted the marked rapidity of the onset of jaundice and bilirubinemia after 
ligation of the common bile duct and removal of the gall bladder. Snell (5) 
and his associates made a detailed analysis of the changes in the blood and 


102 SHAFIROFF, DOUBILET, RUGGIERO, PREISS AND CO TUI 


urine of jaundiced dogs. In their series, the greatest rise in blood bilirubi 
occurred from the third to the fifth post-operative day and fell as the obstructio: 
became chronic. 

Bloom (6) studied the relationship of the lymphatics to obstructive jaundi 
and noted the appearance of bilirubin within 48 minutes in the lymph an 
within two hours in the blood. In this investigation, complete. obstructiv: 
jaundice with cholecystectomy and lymphatic stoppage appeared to produc 
a more rapid onset and higher degree of bilirubinemia than that obtained by 
ligation of the common bile duct and cholecystectomy. 

The reason for the increased concentration of bilirubin in the blood when th 
lvmphatie flow from the liver is blocked, is not clear. Several possibilities may 
be considered which involve such factors as renal damage, diminished excretion 
of urine, or dehydration with hemoconcentration. None of these factors wer 
investigated. 

In obstructive Jaundice the bile may be resorbed either by the intralobular 
radicals of the hepatic veins or by the liver lymph. The importance of the 
absorptive réle of the lymphatics of the liver has been the subject of contro- 
versy. Whipple and King (7), Bollmann et al. (8), Mendel and Underhill 
(9), all have claimed that the “lymphatic apparatus takes no essential or active 
part in the absorption of bile pigments.”? This view is not shared by the authors. 
Neither is it our view that the lymphatics are the primary resorptive pathwavs 
or the only absorptive channels as proposed by Bloom (6), Fleisch! (10), 
Kufferath (11), Eppinger (12) and Harley (13). 

It is our belief that both the blood and the lymph systems take part in the 
avsorption of bile during jaundice. Previously, we demonstrated that ab- 
so ption depended on intrabiliarv pressure, as a result of which, bilirubin ap- 
peared first in the lymph and later in the blood (1). However, the concentration 
of bilirubin in the blood tended to attain and maintain a constant level probably 
because of the regulatory effect of the kidneys, while in the lymph its concen- 
tration depended directly on biliary pressure. Although we have been unable 
to secure total lymphatic block in the majority of animals, as was also the ex- 
perience of Blalock (14), the results in five animals with complete lymphatic 
block showed that the entire absorptive function can be taken over by the blood 
when and if the lymphatic pathway is completely blocked. 


SUMMARY 


Biliary obstruction with ¢omplete bloek of the thoracic lymph duct produced 
a high concentration of bilirubin in the blood at the end of 65 hours. This 
concentration was much greater and more rapid in onset than that obtained by 
partial lymphatic block, and greater still than that obtained by simple biliary 
obstruction. 

Complete stoppage of lymph flow through the thoracic duct markedly reduced 
the secretory pressure of bile in the extra hepatic bile ducts. When biliary 
obstruction was produced in the presence of complete lymphatic block, the bile 
ducts did not dilate in four out of five experiments. 
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There has been disagreement as to whether or not adrenalectomy has a specifi 
effect upon the absorption of glucose from the intestinal tract. The controvers\ 
had its origin in the contention of Verzar (1, 2) that there is a failure in the selec 
tive absorption of metabolizable sugars following adrenalectomy (3). The 
work serving as a basis for this conclusion (3) as well as the experiments of 
Marrazzi (4) utilized intestinal loops. The objections inherent in this method 
are of such a nature that their applicability to this particular problem must be 
seriously questioned. The present study is not concerned with absorption from 
intestinal loops and data obtained in this manner have not been considered. 

tather we were interested in observing the influence of adrenalectomy upon the 

absorption rate for glucose in intact, unanesthetized animals. Cori’s technique 
(5) was used for this purpose. It must be realized that although this method 
avoids the objections to the use of isolated intestinal loops it introduces new 
difficulties such as the influence of the stomach emptying time on the absorption 
from the gut (6). The influx into the stomach of a large volume of concentrated 
glucose solution during a few seconds undoubtedly affects intestinal motility 
and in other ways influences absorption. At any rate, the results obtained with 
such a method are far different from those observed under conditions of volun- 
tarv feeding (7) and must be considered in the light of the speczal conditions 
which they represent. 

Cori’s procedure (5) was followed with modifications which have been de- 
scribed (8). The analytical methods were the same as those which have been 
used before (7) except that sodium fluoride was used to inhibit glucolysis and 
chloride (9) and sodium (10) were determined in some cases by standard methods. 
Zine sulfate was used in place of sodium fluoride in these cases. 

The adrenalectomies were performed under ether anesthesia, the glands being 
removed from a single skin incision on the back through a small lumbar incision 
of the muscles on either side. This operation has been performed many thou- 
sands of times, requires a total period of less than two minutes, and the rats 
recover from the anesthetic showing no ill effects of the operation, within five 
to ten minutes later. Control animals were operated upon in the same manner 
but the adrenals were left intact. 

When glucose absorption was measured very shortly (24 hrs.) after adrenal- 
ectomy, before it might be affected by failure of the appetite or other changes 
secondary to the adrenalectomy but when the effects of the operation might well 
still be present, the data (table 1, expt. 1) show quite clearly that there is a 
decrease in the rate of glucose absorption from the gastrointestinal tract. This 
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ay be due to an impairment of the mechanism concerned in the absorption ot 
icose by the intestinal mucosa as Laszt and Verzar (11) believe or secondary 


TABLE 1 


‘adrenalectomy on the rate of absorption of glucose f 


ONTROLS ADRENALECTOMIZED 


ABSORP ANI Body weight Body weight 
TION Absorp Al 


PERIOD PE ‘ Body \ Body 
When Surface t When surface 
tested tested 


142 
141 
132 
139 


141 

206 

204 

162 5: 160 


5 : 6 157 3.1 So 162 


*Mgm. per sq. dm. body surface per hour for the period. 


Exp. 1. Averages for four female rats of approximately the same age in each group 
Fasted for 24 hours from the stock diet, operated and fasted for 24 hours more before testing. 
Two milliliters of 43.8 per cent glucose solution per sq. dm. body surface was given each rat 
at the beginning of the absorption period. 

Exp. 2. Female rats given the stock diet and a solution of 0.5 per cent NaCl plus 0.2 per 
cent sodium bicarbonate for 14 days after adrenalectomy. They were fasted and allowed 
only tap water for 36 hours prior to testing the absorption rate. For the latter 1 ml 
30 per cent glucose per sq. dm. body surface was administered. The adrenalectomized 
rats were prostrated for a short time but there was no fall in body temperature 

Exp. 3. Exactly like experiment 2 except that the solution of sodium salts was offered 
during the fasting period and removed only when the glucose was given. 

Exp. 4. Male rats on the stock diet tested 10 days after operation. During this period 
they were given 1] ml. water per sq. dm. body surface per day twice daily by stomach tubs 
and tap water was offered ad lib. They were fasted for 36 hours prior to testing. The 
stomach and intestinal contents were examined separately. It was found that the controls 
had 320 mgm. and the adrenalectomized rats 288 mgm. glucose per sq. dm. body surface 
available for absorption during the two hour period. The dose of glucose given was 2 ml 
25% per sq. dm. body surface. 

Exp. 5. Exactly the same as experiment 4 except that both groups were given a solution 
of 1.0 per cent NaCl plus 0.2 per cent sodium bicarbonate by stomach tube in place 
of the water. This was continued until testing. In the controls it was found that 302 and 
in the adrenalectomized rats 338 mgm. glucose per sq. dm. body surface had entered the 
intestine and was hence available for absorption during the two hour period 


either to changes in the stomach emptying time and hence the amount of glucose 
available for absorption (6) ora result of the alterations in salt metabolism which 


hr m gm g. dm mem em ” g. dm mom per cer 
l 142 116 3.1 26 0 
f 2 } 14] 3.1 6 3.1 73 24 0 
3 { 140 3.1 87 2.9 67 23 0 
‘ 141 3.1 SO 3.0 64 20 0 
6 { 3.1 51 34 0 
| 2 2 10 161 3.4 81 293 0 
3 2 10 190 3.8 Q5 0 } 
{ 2 6 144 3.0 76 16 0 
148 3.1 93 0 
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are known to accompany adrenal insufficiency and may precede the disturban: 
in carbohydrate metabolism. The Coris (12) long ago reported a decrease 
the absorption of glucose in adrenalectomized rats. Their work was carried © 
prior to our knowledge of the influence of the adrenal cortex on sodium ai 
potassium metabolism. Deuel et al. (13) did not find a decrease in gluco- 
absorption after adrenalectomy in rats maintained on the Rubin and Kriv 
(14) salt solution. Althausen et al. (15) confirmed both of these investigators i 
that they agreed with Deuel and his co-workers when salt was added to the dic: 
and without the salt supplement confirmed Cor. Hamar (16) now suggest 
that most of the diminution in the rate of glucose absorption observed aft: 
adrenalectomy is in reality a starvation effect and results from the reduced foo: 
intake which usually follows the removal of the adrenals. 


TABLE 2 
The influence of adrenalectomy upon the amount of sodium and chloride drawn into the 
gastro-intestinal tract by hypertonic glucose solution 


EXPERI- SERUM Na Cl J 
MENT GROUP 

i Na Cl Stomach Intestine Total Stomach Intestine Total 
mM./litermM./liter mM. mM mM m M mM. mM 
6 Control 108.8 0.67 
Adrenalectomized 105.0 0.64 
7 Control 112.6 0.70 
Adrenaleectomized 108.0 0.8] 
8 Control 140.5 | 114.6 | 0.39 | 0.84 | 1.23 | 0.45 | 0.58 | 1.03 
Adrenalectomized 131.3 | 102.0 | 0.68 1.21 1.89 0.59 0.95 1.54 
a Control 145.1 114.9 0.21 0.94 1.15 0.45 0.70 1.15 
Adrenalectomized 133.5 | 102.8 | 0.47 1.03 1.50 0.53 1.06 1.59 


Further experiments were carried out in order to examine the influence of the 
sodium intake and of the food intake on the effect which adrenalectomy has upon 
glucose absorption. In experiment 2 absorption measurements were made two 
weeks after the operation. During this period the rats were maintained upon a 
salt supplement except for a 36 hour fasting period prior to the experiment. 
The loss in body weight indicates that the food intake of the adrenalectomized 
animals was considerably less than the controls. As in experiment 1, but after 
a period of recovery from the operation, we find that adrenalectomy reduced the 
glucose absorption rate. Either a salt deficit, the low food intake or both may 
have been responsible. Experiment 3 was exactly like experiment 2 except that 
the sodium supplement was continued up to the time of testing. In this case 
adrenalectomy did not influence the glucose absorption rate so we may conclude 
that there is no starvation effect (also see expts. 4 and 5) involved when a 


diminution in glucose absorption follows adrenalectomy. 
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\n adequate sodium balance appears to be all important in maintaining a 
rmal glucose absorption rate in adrenalectomized rats as measured by Cori’s 
thod. This is shown just as clearly in experiments 4 and 5 (table 1). There 
ppears to be no reason to attribute any specific effect of adrenalectomy upon 
elueose absorption such as a failure of phosphorylation of glucose by the intestinal 
mucosa. Instead the reduction in the glucose absorption rate when it does oceut 
is secondary to a disturbed sodium balance. The data presented in table 2 
show no relation between the serum sodium or chloride level or the amount of 
these substances drawn into the intestinal tract by the osmot ically active glucose 
and the reduction in the glucose absorption rate. The mechanism by which 
sodium maintains normal intestinal glucose absorption rates in adrenalec- 
tomized animals is therefore probably not related to that involved in the dele- 
terious effects of intraperitoneal injections of glucose in withdrawing salts from 
the blood stream (17, 18, 19). 

All of the data reported here have been given in the form of simple averages 
for the deviations of the individual observations from the averages of each group 
are not such as to require the application of statistical methods for the interpre- 
tation of the results. 


SUMMARY 


Cori’s method for measuring the absorption of glucose from the intestinal 
tract of the rat uses intact unanesthetized animals but involves the influx into 
the stomach of a large volume of concentrated glucose solution during a few 
seconds. Physiological results of the latter are such that this method measures 
glucose absorption under special conditions. The influence of adrenalectomy 
upon glucose absorption under these conditions was determined by Cori’s 
method. 

The rate of absorption of glucose was markedly reduced when measured im 
mediately (24 hrs.) after the removal of the adrenal glands. When adrenalec- 
tomized rats were given a sodium supplement and maintained for two weeks 
after operation but not allowed salt water during 36 hours before testing or given 
only tap water throughout the period, glucose absorption was significantly lower 
than in the controls. When the sodium chloride supplement was continued 
until the glucose absorption observations were made, the rate of absorption in 
the adrenalectomized rats was the same as that in the controls. —[t is concluded 
that the impaired glucose absorption evident in adrenalectomized animals 
under some conditions is not referable to the lack of the influence of any adrenal 
cortex hormone on the intestinal mucosa but rather to the consequent disturb- 
ance of salt metabolism. 

Since the amount of sodium or chloride drawn into the intestine by the osmo- 
tically active glucose is uninfluenced by prior salt supplement although the 
glucose absorption rate is, it is concluded that the function of sodium supplements 
in maintaining normal rates is not concerned with the withdrawal of salt into 
the intestinal tract. 
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Experimental studies of the distribution of bromide ion between serum 
and cerebrospinal fluid in man and in dogs have led to general acceptance of the 
presence, between these fluid compartments, of a barrier which prevents free 
passage of bromide ion into the spinal fluid. Proof of the existence of this barrie: 
is afforded by the many observations that the distribution ratio | = , is 
greater than 1. 

In spite of this qualitative agreement among all workers, it is clear, from the 
available evidence, that quantitative differences exist. Thus, whereas in man 
the value of the ratio, R, is found to vary but little from 3 (1) (2) (3), in dogs 
ratios varying from 1.2 to 1.5 are usually found (4) (5) (6). 

In seeking an explanation of the marked variation of R in man and dog, 
the question of the possible influence of the serum bromide level arises. — In 
man the barrier permeability to bromide ion has been studied principally under 
conditions of low serum bromide concentration while in dogs levels which many 
clinicians consider toxic to man are commonly maintained. Furthermore in 
isolated instances in which FR has been studied in patients who, according to clin 
ical standards, are severely intoxicated with sodium bromide, the observation 
has been made that the value of the distribution ratio tends to be low (2 

In view of these considerations it appeared worth while to study systematically 
the effect of alterations in serum bromide concentration upon the value of F 

Mertuops. Dogs were used exclusively in this study. In most instances 
sodium bromide was administered intravenously in single doses except when 
very high serum bromide levels were desired. In those cases repeated daily 
doses were given. On a few occasions the salt was administered by mouth. 
At least 24 hours were allowed for equilibrium to be established after the final 
administration of sodium bromide. 

Spinal fluid was obtained by cisternal puncture under ether anesthesia. — Blood 
was withdrawn under oil from the saphenous vein and centrifuged. “The serum 
was used for analysis. Bromide and water determinations on the serum and 
spinal fluid were performed according*to the methods previously deseribed 
for serum (7). 

Resutts. The sodium bromide was administered in such quantities that 
the dogs studied fell into three groups. In group | (table 1) the serum level of 

1 These data were presented before the Federation of American Societies for lexperimes 


tal Biology during the fifty-fourth annual meeting held in Boston, Mass., April, [te 


109 


LLO 


») = 
) 
20.0 
20.9 
32.0 
» 
$3.2 
436 
34.2 
oe - 
IS 
41.4 
- 
pil on 
BROMIDE 
] 50 
1.6] 
1.73 
6.3 
6.76 
t 
il 
BROMID 
n 
13.1 
| 
44.0 
S3..2 
Sb 
6.0 


” belfween 
erum bromide leve 
HA 

924 
G16 
7.8 910 
tr 4 Qos 
29.1 927 
20.1 O16 
2s 
27.9 430 
27.2 925 
92] 
54.2 24 


TABLE 2 


ratio of bromide between se 


bromide levels 
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sodium bromide was in the range generally emploved for bromide studies in 


dogs, namely, 20 to 50 mM Br/kgm. HO; in group I] (table 2) the serum bromide 
level was low—1 to 10 mM Br/kgm. H.O and in group IIT (table 3) the level was 
high—70 to 95 mM Br/kgm. H.O. 

Inspection of these data reveals that in the animals comprising group | the 


value of the distribution ratio varied between the minimum value of 1.14 and 
the maximum value of 1.45; the average for all animals in this group is 1.25 
The ratio 1.14 obtained for dog 


7, besides being the lowest found in the present 
series, is the lowest we have seen reported in the literature at similar bromide 
concentrations. It may therefore be considered an unusual finding. Within 
this group of animals there is no suggestion of a regular relationship between 
the value of R and the serum bromide level. 


TABLE 4 
Ii! istraiing the time necessar jlo reat h eq iilibrium between se in 

BROMIDI Br IME 
3 Serum 1 39.6 1.53 ) 
Serum 2 34.2 1.33 3 
Serum 3 1.30 

Spinal fluid J 25.9 

Spinal fluid 2 27 .9 

Spinal fluid 3 29.0 

*Serum 27.5 
Spinal fluid 1 19.0 1.45 10 
Spinal fluid 2 20.0 1.37 13 
Spinal fluid 3 21.05 1.30 16 
Spinal fluid 4 20.9 1.31 20 


Average concentration for samples 1, 2, 3, 4 


Compared with the animals of group I, the value of the distribution ratio in 
the dogs of group II is quite high, the average value being 1.78. — It is noteworthy 
that even the lowest value of R obtained in this group is considerably higher than 
the highest value found in group I. Nevertheless among the dogs in group II, 
as was the case in group I, the value of the ratio varies in a manner apparently 
unrelated to the serum bromide level. 

The effect of massive doses of sodium bromide upon the value of R is indicated 
from the results obtained on the dogs of group ILI. In five of the six dogs studied 
the value of the distribution ratio is lower than even the unusually low value of 
1.14 obtained in dog 7 of group 1. The average value of Ff in these dogs is 1.09 

Early in this study experiments were conducted to determine the time re 
quired for equilibrium to be established between blood and spinal fluid. Fol 
lowing intravenots administration of sodium bromide, samples of blood and 
spinal fluid were obtained at two hour intervals and analyzed. It was soon 
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apparent, however, that equilibrium is reached slowly and hence, since thy 
amount of spinal fluid one can obtain from dogs by cisternal puncture is limited 
a long interval of time was allowed to elapse in later experiments before thi 
initial samples were withdrawn. The results of two such experiments, show: 
in table 4, indicate that equilibrium is reached within 10 to 13 hours. Thes 
observations agree with those reported by Wallace and Brodie who state that 
seven or more hours are required for attainment of equilibrium (8). 
Discussion. It is clear from these data that when wide variations in thi 
[Br-, 
[Br-].).0 


an inverse relationship to the serum bromide concentration. Recently Wallace 


level of serum bromide exist, the value of the distribution ratio bears 


and Brodie (8) reported that the distribution ratio of iodide ion between serum 
and spinal fluid increases with decreasing serum iodide concentration. Theit 
stated opinion is that the same relationship holds for bromide and thiocyanate 
ions. 

Many factors aside from expected individual differences may operate to mask 
this relationship within more limited variations in serum bromide concentrations 
For example, it is a well known fact that the kidney preferentially excretes 
chloride ion over bromide ion. This property of the kidney together with the 
slow rate at which equilibrium between the blood and spinal fluid is reached 
might prevent a true state of equilibrium from ever being attained. Any 


fortuitous circumstance which might cause the kidney to increase the urinary 


output even temporarily would result in an alteration in the bromide to chloride 
ratio in the blood to which the spinal fluid might not become adjusted for a 
considerably longer time. If samples were drawn before this adjustment were 
complete only approximate equilibrium would exist and hence the value of R 
would be altered. However, when the distribution ratio is studied over extreme 
ranges in serum bromide concentration the variations in the ratio may be too 
great to be concealed by a temporary ‘‘dis-equilibrium.” 

From these data it is obvious that the difference in the value of the ratio be- 
tween man and dog is not to be explained entirely upon the basis of serum 
bromide levels. In no instance in the dog were ratios as high as 3 obtained even 
when the serum bromide concentration was extremely low. Until more infor- 
mation is available regarding the mechanism by which spinal fluid is formed, 
this discrepancy must be attributed to a ‘species difference.”’ Only a suggestion 
as to what this difference might be can be offered at this time. 

Weed particularly has called attention to the dual source of the cerebrospinal 
fluid (9). Part of the fluid originates at the choroid plexuses and a part ap- 
parently reaches the subarachnoid spaces via the pericapillary spaces. The 
consensus is that the fluid from the plexus is a secretion (10). The fluid derived 
from the capillaries we presume to have the characteristics of an ultra-filtrate 
of serum although this view has been questioned recently (11). It is entirely 
possible that in different species, the amount of fluid contributed by each source 
differs. To a lesser degree, this situation undoubtedly occurs within a given 
species; indeed in any given animal it is not unreasonable to suppose that the 
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proportion of fluid from each source varies under different conditions. 
one makes what, on the basis of available evidence, would seem to be a 
justifiable assumption that the choroid plexus and the ordinary capillaries of 
the brain offer the same resistance to the passage of bromide ion into the spinal 
fluid, it follows that the value of the distribution ratio must vary as the pro 
portion of fluid coming from either source of spinal fluid varies. It seems that 
this point of view is more tangible and involves fewer assumptions than the 
equally plausible viewpoint that this difference between species as well as 
intraspecies differences is attributable to different grades of permeability of the 
barrier to bromide ion. 

We believe that our data on the dog are most readily explained by assuming 


that sodium bromide alters the barrier existing between the blood and spinal 


fluid. The extent of alteration appears to increase with increasing concentration 
of bromide ion in the organism. As a result of this change, the distribution 
ratio approaches the ratio one would expect to find between serum and its ultra 
filtrate. Whether the alteration is of such a nature as to cause a diminution in 
the proportion of fluid contributed by the choroid plexus where, considering all 
available evidence, the barrier would appear to be located or whether it changes 
the nature of the secretion in the direction of an ultrafiltrate cannot be decided 
by these data. 


CONCLUSION 


The distribution ratio of bromide ion between serum and spinal fluid varies 
inversely with the concentration of bromide in the serum. Reasons for this 


finding are suggested. 
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In spite of the extensive use that is made of the fasting rat for study of meta 
bolic problems, surprisingly little has been done to define accurately the course oi 
variation of the total respiratory metabolism following withdrawal of food 
There is some information regarding oxygen consumption and respiratory 
quotient of the 24-hour fasting animal, and some for other isolated intervals 
(see Benedict and MacLeod, 1929, and Horst, Mendel and Benedict, 1930, for 
summaries, and their own results), but until after this work was under way, that 
of Wesson (1931) represented the only attempt to provide complete, continuous 
hour-by-hour description of these functions during the first 44 hours of a fast. 
Discrepancies among these earlier data justified re-examination of the subject; 
and the more recent work of Werthessen (1937), though adequate in scope, has 
so confused the issue by the unusual nature of the results obtained, that addi 
tional evidence is even more imperative. 

\MIerHops. Animals and dict. All determinations were made on male albino 
rats of our colony, a hardy, fertile, normal-growing Wistar strain, inbred for 
many generations and quite free from internal and external parasites and 
organic disease. ‘The animals used for this work were the second generation on 
a carefully prepared diet, specially fortified with vitamins and minerals to insure 
complete adequacy. This consisted of whole wheat, ‘“‘Klim’’, NaCl, CaCQOs, 
veast and cod liver oil. 

Controlled feeding. When six weeks old the animals were placed in individual 


cages, and at 53 months of age (average weight, 303 grams) were started on 


controlled feeding, at two periods each day: from 9 to 11 a.m. and 3 to 5 p.m. 


After an initial weight loss on this regime there was complete recovery and daily 
food-consumption records showed normal, average intake. 

This method of controlled feeding makes it possible to know with some exact- 
ness when and how much the animal last ate, thus giving greater accuracy in 
determining the exact hours of fasting than the common procedure of counting 
from the time of removal of food, to which there has been constant access and 
which may have been last partaken of an indeterminate time previously. 

Similar precaution as to feeding was previously taken by Wesson (1931) and, 
more recently, Werthessen (1937); and although the latter attributed to it the 
unusual and peculiar nature of his results, there is nothing in those of Wesson or, 
as will be shown later, of our own, to indicate it had any untoward or disturbing 
metabolie effect; a conclusion also in agreement with that of Kleiber and Smith 
(1940). 

Apparatus. The closed-circuit metabolism apparatus deseribed by Schwabe 
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and Griffith (19388) was used, modified to the extent that carbon dioxide, inste 
of being titrated, was measured by change in electrical conductivity of the 
Ba(OH). solution used to absorb it, by apparatus designed and constructed in 
this laboratory by Mr. Richard J. Jones. This improvement upon the original 
model made it possible to follow CO. output minute by minute and thus relat 
it accurately to the coneurrently, graphically recorded QO, consumption 

The advantages of this apparatus are: record of the QO, consumption is graphic 
and continuous and can be determined for any desired interval so that periods 
are regulated only by the basal state of the animal and not by limitations of the 
experimental apparatus; continuous activity records of the animals are obtained 
graphically in the record of O. consumption, making it possible to eliminate all 
experimental runs complicated by this disturbing factor. Only rigorously basal 
periods were used for the results reported here; these varied in length from 15 
to 40 minutes. 

The apparatus was calibrated originally and after any major change or replace 
ment by addition of CO, or withdrawal of air at known rates and volumes; it was 
checked frequently and routinely by burning a jet of illuminating gas at rates 
of combustion approximating those of the experimental animals, as described by 
Bunnell and Griffith (1940). Benedict (1980, p. 175) summarizes his own 
experience, and undoubtedly that of all others, with attempted application of 
alcohol checks at rates of combustion similar to the metabolic rate of the rat as 
a “tour de force’’ capable of only occasional success. It may, therefore, not be 
amiss, In evaluation of cur results, to call particular attention to the reliable, 
routine check to which our apparatus was periodically subjected 

Temperature. The effect of temperature upon metabolic rate was controlled 
by keeping the animals in a constant-temperature room averaging 26°C + 2 
at alltimes. During an experimental run the animal chamber of the metabolism 
apparatus was kept at 28°-30°C. 

Procedure. \t was desired to describe the variation in respiratory metabolism 
hour-byv-hour for the first 36 hours of fasting. To do this two courses were open: 
continuous records from the last ingestion of food, without interruption or re 
moval of the animal from the metabolism apparatus; or short period (2-4 hrs 
determinations, repeated often enough to cover the entire 36-hour interval, the 
animal remaining free in its cage, but without food, until the time chosen for any 
particula test period, 

Short period determinations: This method was tried first, for technical reasons 
as well as from the fear that too-long confinement in the metabolism chamber 
with its restriction of activity and lack of water might influence the results. 
Theoretically, the best application of this method would have involved the use 
of a large number of animals so that determinations at each fasting hour would 


he made at constant age and weight. This was not feasible, not only because 


the necessary numbers were not available but also because the required prelim 


nary training in controlled-feeding would have made it prohibitive 
The work was therefore started with four rats, when 8 months old, after having 


heen on controlled-feeding 24 months and with an average weight of 316 grams 
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\ minimum goal was set of 10 determinations for each hour, as being the least 
that might be expected to furnish a relatively valid average. The animals were 
used in rotation in order to space the fasts and prevent any cumulative effect 
of under-nutrition. Since this procedure was anticipated to entail considerable 
elapsed time before all of the required data would be accumulated, the trial 
periods were staggered so that, in so far as possible, variations due to increasing 
age and weight would be equally distributed over the whole average curve. 
\ctually, with the unavoidable delavs inherent in such protracted work, it was 
a vear before the series was completed as far as the 30th hour of fasting. By 
this time the animals were 20 months old, with an average weight of 367 grams. 
Due to individual rates of growth, the effort to equalize the change in weight was 
not too successful, the averages for the 10 determinations at each hour varving 
between 327 to 358 grams. In addition, seasonal variations, if any (Benedict 
and MacLeod, 1929, p. 371) would have been introduced and unequally dis- 
tributed. These factors, in retrospect, seemed sufficient to account for the 
irregularities of the final, average curves; their implication being even more 
probable from the fact that respiratory quotient, presumably less affeeted by 
age and body size than total QO». consumption or CQO, production, showed the 
least irregularitv. These data were considered valuable, however, and will be 
referred to in confirmation of those definitively obtained by continuous records, 
as follows. 

(‘ontinuous determinations: Each of the above four animals was at one time 
(when, respectively, 14, 15, 15 and 16 mos. old) observed continuously for the 
first 24 hours of fasting. To these four records for the first 24-hours were later 
added six others obtained from a new group of four animals. These were treated 
and trained in controlled-feeding exactly as the first group and were used for 
these determinations when 7 to 9 months old; two of them being used twice, 
when 7 and 9, and 8 and 9 months old, respectively. In addition, each animal 
of this second group was observed twice over the fasting interval of 25 to 36 
hours, when they were 10 and 12, 12 and 13, 11 and 12, and 11 and 12 months 
old, respectively. 

In conelusion, the final and definitive data for O» consumption and CO, 
production are, therefore, derived from ten continuous runs covering the first 
24 hours, plus eight continuous observation periods covering the last 12 hours 
of a 36-hour fast. Within each of these intervals the data from hour to hour are 
completely homogeneous and free from any relative disturbance due to age 


> 


weight or seasonal differences. Between the two sections of the curve, joining 
at the 24-25 hour interval, some hiatus might be expected due to the slight 
difference in age composition of the two groups; actually, there was none; prob- 
ablv due to the fact that the average age and weight of the 1-24-hour group 
(11 months; 342 grams) was almost exactly the same as that of the 24—36-hour 
group (11.6 months; 336 grams). 

Resuirs. Oxygen consumption and carbon dioxide production. As mentioned 
in the preceding section, the results giving the smoothest average curves for 
these two variables are those derived from ten 1-24-hour, and eight 25-36-hour 
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continuous runs. These are shown in table 1 and figure 1. As, also mentioned 
previously, these data are substantiated (for the first 30 hrs.) in every important 


particular, such as maximal and minimal values, percentage change and tim 
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relations, by the results of an equal number of short period (2-4 hrs.) determina 


tions repeated often enough to cover the first 30 hours of fasting This latter 


procedure, as already explaing d, involved introduction ol age, we ight and sea 
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sonal variables which probably are enough to account for the lack of smoothness 
of the final average curves so derived; for all this, however, these results are 
valuable as showing that none of the characteristies of the data of table 1 and 
figure 1 are due to any untoward effect from confinement of the animals for long 
periods in the metabolism chamber with the ensuing restriction of activity and 
water intake. 

Oxygen consumption and metabolic rate. Table 1 gives the values of O»2 con- 
sumption in cubie centimeters per minute and also as percentage of the imme- 
diate, post-prandial value. Also recorded is the metabolic rate as calories per 
square meter per 24 hours, derived from O» consumption and R.Q. in the usual 
way, using Diack’s formula (1930; S = 7.47 - Wt. ) for surface area; this is 


S 


Respiratory Quotient. 


Fig. 1. The respiratory metabolism of the fasting rat for 36 hours following the ingestion 
of food: 

Top curve (open circles): Calories per square meter. Middle curve (dashes): Carbon 
dioxide output, cubie centimeter per minute. Lowest curve (solid circles): Respiratory 
quotient. Calories per square meter and CQ, production are both plotted as percentages 
of the maximal, immediate post-ingestion values. 


also recorded as percentage of the immediate post-ingestion value, and is so used 
for the graph of figure 1. Oxygen consumption and calories per square meter 
are in no essential respect different; the latter has been chosen for illustration 
and may be made the basis of discussion because of its more general, comparative 
value. 

I’xamination of the data shows maximal heat production of 954 Cal. /m?/24 hrs. 
during the first hour after cessation of food ingestion. From this time until the 
20th fasting hour there is decline which is continuous and uniform, to a value 
78 per cent of the maximal. Such slight irregularities as there are on this part 
of the curve probably represent unavoidable experimental error and may be so 
dismissed. 
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Beginning at the 20th hour is an unmistakable elevation of metabolic rate 


rising fairly sharply to a maximum (84.4 per cent) at the 22nd hour and returning 


to or slightly below the value from which it started by the 28th hour from this 
time until the 36th hour there is no further majo change and this latter part ol 
the curve is perhaps best described as an oscillation about Clie alue, 7S per cent 


of maximum, reached at the 20th hou 

Carbon dioxide production, also, is maximum during the first hour of fasting 
and thereafter declines, as already observed for O consumption ind heat pro 
duction, but with these differences: the decline is more rapid until the 11th hour; 
a more or less stable period, at about 73 per cent of maximum, then supervenes 
until the 16th hour; minimal, stable rate of production is very clearly not reached 
until the 26th-27th hours, oscillating, thereafter, about a value approximately 
only 60 per cent of the maximum post-ingestion rate. The temporary elevation 
of metabolic rate observed for O: consumption and heat production between the 
20th and 28th hours is also evident on the CO» curve, but less clearly, due to its 
super-position on a still-declining base line. The final, steady, rate of fasting 
COs» production, approximately 60 per cent of maximum, from the 28th hour on, 
is 17+ per cent lower than the corresponding final metabolic rate as derived 
from consumption. 

Respiratory quotient. As mentioned under Procedure, respiratory quotient 
showed the same trend, with no difference in hour-to-hour variability, whether 
derived from the short-period or continuous determinations. Age, weight and 
seasonal disturbances introduced by the suecessively-repeated short-period 
method, apparently had little effect on this qualitative measure, and a slightly 
smoother curve is obtained by averaging all observations. These, as already 
described, include for the first 30 hours of fasting, 10 determinations per hour by 
the short-period method. An equal number from continuous runs for the first 
24 hours make a total of 20 determinations per hour for this period. From the 
24th to the 86th hours there were also 8 continuous runs, which, with the ten 
short-period determinations covering the 24-30 hour period, make a total of IS 
per hour for this interval, and 8 per hour for the 30-36 hour terminal portion of 
the curve. 

As may be seen from the table and especially from figure 1, respiratory quotient 
declines from a maximum of 0.977 during the first fasting hour to approximatels 
0.79 at the 9th hour. For the next 10 hours, i.e., until the 19th, there is no 
further decline, but merely oscillation about this value, the actual average for 
the 9th to 19th hours, inclusive, being 0.798. Beginning with the 20th hour the 


decline is resumed, but until the 27th-29th hour is apparently somewhat in 


fluenced by the metabolic events responsible for the elevation of rate during this 
interval; so that the actual 24-hour value of which so much has been made is, we 
believe, more than just accidentally high (0.774 Between the 27th and 28th 
hours, however, respiratory quotient appears to have reached a minimal steady 
value, the average for the 28th to 36th hours, inclusive, being 0.710 
DISCUSSION. Perhaps the most obvious and necessary commeat on the data 
now available regarding the fasting respiratory metabolism of the rat is to em 


phasize the urgent need for further information That which is at hand 1 till 
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too meagre and, particularly, too completely lacking in agreement to permit any 
general conclusion. This is still true even after the elimination, which may be 
made at once and until some confirmatory evidence in their support is forth- 
coming, of the qualitatively bizarre results of Werthessen (1937). Even thus 
restricted, the remaining data are more remarkable for their diversity than for 
their agreement. 

As far as metabolic rate is concerned, the results described here are inter- 
mediate between those reported by Wesson (1931) and by Benedict and MacLeod 
(1928, p. 363). The latter made observations at only occasional intervals, 17, 
24, 42 and 64 hours, during fasting, obtaining average values 95, 87, 95 and 92 
per cent, respectively, of the immediate post-ingestion maximum of 1065 Cal. 
m?/24 hours (using Rubner’s constant of 9.1 - W3 for ealeulation of surface 
area). These values are higher than ours, absolutely, and even more so when 
account is taken of the use by them of 9.1 instead of 7.47 (as by us; Diack’s 
formula) as the constant for estimation of body surface; but, more particularly, 
they indicate considerably less decrease in metabolic rate during fasting, than 
is shown by our rats for the first 24 hours. Also the conclusion from these re- 
sults and others which they review, that ‘ingestion of food does not exert any 
appreciable influence on the rat’s metabolism after 14 to 17 hours’’ (Horst, 
Mendel and Benedict, 1934, p. 281) is obviously far from justified by our data. 

As mentioned in the introduction, Wesson is the only one, in so far as we know, 
previously attempting to define the fasting metabolic rate accurately hour by 
hour; and with results which agree with ours even less than those of Benedict 
and MacLeod. From a_ post-ingestion maximum of 1072 Cal./m*/24 hours 
(which, absolutely, is even still higher than ours because of the use of Lee’s 
constant of 12.54 in calculation of body surface), Wesson observed an abrupt, 
precipitous drop to 68 per cent of this value at the 4th fasting hour, and an 
extreme fall to only 54 per cent at the 22nd hour: In all other respects, also, his 
data resemble ours so little that further detailed comparison would be fruitless; 
even the fact that his rats received pure dextrin rather than the usual mixture 
of foodstuffs for their last meal hardly seems sufficient to explain the difference 
between his results and our own. 

And, just as there is no similarity, in general, between our results and those 
of others, so, also, there is nothing in previous evidence by which to judge the 
possible correctness or significance of the decided calorigenic response evident 
on our curve between the 20th and 28th hours. Judged by internal evidence, 
it would seem not to be an artefact. It will be recalled that the total calorimetric 
data shown in the curve of figure 1 are composed of two separately determined 
sets: 1-24 hour runs and 25-36 hour runs, done, in part, on different animals and, 
when on the same animals, separated by intervals of about one month. There 
would be some reason, therefore, to expect the possibility of a break in the curve 
at the 24-25 hour interval where the two sets of data are joined, unless the de- 
terminations are really accurate measurements of the metabolic rate. Since, 
as can be seen, the continuity of the curve at this point is not broken although 
the junction is made at a time of rapidly changing rate, it would seem reasonable 


BASAL METABOLISM FOLLOWING CONTROLLED FEEDING 121 


to conclude that the data, as given, represent with reasonable accuracy the 
phenomenon being measured. 

As to the meaning of such an effect at this time it may be significant that its 
onset coincides with reduction of liver glycogen to minimal values (Long et al., 
1940) and, presumably, when shift is being made to other sources of energy; it, 
therefore, might be taken to represent an endogenous specific dynamic action, 
particularly of fat; an interpretation in line with the rapid reduction in respira 
tory quotient to a fat level occurring during the same time, to be referred to in 
what follows. 

Previous evidence regarding the respiratory quotient of the fasting rat need 
not be set forth here in detail. This, which is concerned chiefly (except that of 
Wesson) with fixing the value characteristic of the 24-hour fasting rat, or the 
earliest time at which a stable, minimal value is attained, has been reviewed by 
Horst, Mendel and Benedict (1930, p. 178). Their conclusion is that most of 
the previously published values are too high; and, with a finality which has 
conditioned all later thinking, state that ‘the respiratory quotient of the rat 
after 24 hours of fasting is so near 0.72, on the average, that one may with con 
fidence measure the CO, production or the O». consumption only, assume a 
respiratory quotient of 0.72, and compute the total metabolism with a minimum 
error.” Later (1934, p. 281) they summarize their experience as indicating 
“respiratory quotients not far from 0.72 in 16 to 23 hours after food; a dedue 
tion clearly at such variance with our results that comment or attempt at 
reconciliation is completely stopped. 

There is no suggestion in any of this previous evidence regarding respiratory 
quotient of the complicated pattern of change indicated by our results; and, vet, 
this seems metabolically reasonable. It would appear to be demanded that at 
some stage in the post-absorptive metabolism this should stabilize, qualitatively, 
with combustion of the average mixture of foodstuffs and an R.Q. in the neigh- 
borhood of 0.80. This, our results show to be true between the 9th and 19th 
hours. By the end of this time, as is now well known for the rat, liver glycogen 
is reaching minimal values and as our results show, shift to other than carbohy 
drate sources of energy is accompanied by a definite effect on total heat produc 
tion and is reflected in an abrupt decline of respiratory quotient. Only by the 
time this alteration is apparently complete, i.e., the 28th fasting hour, does the 
R.Q. reach a true fat value, which is then maintained for as long as our data go, 
to the 36th hour. 

In concluding it may be mentioned that, if our results are correct, it is un 
fortunate the 24-hour fasting rat has been chosen, somewhat blindly and em 
pirically, as a standard animal for metabolic work; for this apparently is a time 
of particular metabolic instability. This might not be serious if determinations 
were always made at exactly this time by employment of trained, controlled 
feeding; but as this is almost never done the prescription is more honored in the 
breach than the observance. Thus Horst, Mendel and Benedict, with a candor 
which is unique, acknowledge (1934, p. 281) the probability that actual fasting 


time may easily be 3 to 4 hours longer than its usual, uneritical estimation 
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This would mean that the usual (inadequate) precautions taken to ensurs 
24-hour fast result in determinations made 27-28 hours after actual ingestion © 
food and thus at a time when the metabolism, according to our evidence, 
actually becoming minimal and steady both as to rate and respiratory quotient 
and thus providing ground for those who insist that both of these are true fo 
the alleged 24-hour period. 

Our results do net provide any equally plausible alibi for those who hia 
placed the attainment of minimal metabolic rate and respiratory quotient as 
early as the 4th-17th hours. But if, on the assumption that any times beyond 
this and approximating 24 hours were safely minimal and classifiable for roug! 
identification as a 24-hour fast, determinations are made on animals presumably 
fasted for 20-24 hours, the data would no doubt really belong to the 22-26 hour 
interval; for which, according to our results the average R.Q. is 0.75; a figur: 
exactly equal to that reported by Schwabe et al. (1938) as the average of some 
400 determinations so made. From all of which it follows that in future such 
rough approximations of fasting time will have to be candidly admitted or 
greater pains used to secure more accurate timing. 


SUMMARY 
The fasting respiratory metabolism of the albino rat (average age 11 months; 
weight, 340 grams) is described hour-by-hour for the first 36 hours following 
controlled feeding. 
Metabolic rate calculated from O. consumption and R.Q. in the usual way and 
using Diack’s formula for estimation of body surface, drops from an immediate 


post-ingestion maximum of 954 Cal./m?/24 hours steadily and uniformly to 78 
per cent of this value at the 20th fasting hour. During the next 8 hours thx 
curve is elevated in semblance of a specific dynamic reaction to fat, with maxi- 


mum of 84 per cent at the 22nd hour and final return to 76.6 per cent by the 28th 
hour. Thereafter, until 36 hours, the general trend is horizontal with oscillation 
about the value, 78 per cent, previously reached at the 20th hour. 

Respiratory quotient drops from an immediate post-ingestion maximum of 
0.970 to approximately 0.790 at the 9th hour. Thereafter, until the 19th hour 
it indicates the combustion of the usual, post-absorptive mixture of foodstuffs 
and merely oscillates about this as an average value. Beginning with the 20th 
hour decline is resumed to reach 0.70 at the 28th hour, but is interrupted by a 
temporary rise between the 22nd and 26th, to a maximum of 0.774 at the 24th 
hour. Beyond the 28th and until the 36th hour there is mere oscillation about 
an average fat value of 0.710. 

These results, if true and confirmed, indicate the 24-hour fasting rat was a 
peculiarly unfortunate choice for a metabolic standard, since this point is ap- 
parently midway in the transition from the metabolism of mixed foodstuffs to 
one exclusively of fat; consequently the slightest inaccuracy in estimation of 
fasting time at this particular interval will necessarily eventuate in results of 


relatively wide diversity. 
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Convincing evidence is available that the anterior pituitary influences the 
breakdown of endogenous protein and the mobilization of depot fat, either 
directly or through the mediation of other endocrine glands. Thus, it has been 
shown that the hvpophysectomized animal during fasting has a decreased nitro- 
gen output (Aschner, 1912) and a diminished gluconeogenesis from protein 
(Houssay, 1936); and that the migration of fat from the fat depots to the liver 
as caused in normal animals by carbon tetrachloride or phosphorus (Issekutz 
and Verzir, 1938), or by pancreatectomy (Long and Lukens, 1936), is prevented 
by hypophysectomy. Furthermore, thyroid feeding cannot deplete the stored 
depot fat in hypophysectomized as it does in normal animals (Cope and Marks, 
1934-1935). 

In view of this established influence of the anterior pituitary on the mobiliza- 
tion of protein and fat, the question arises as to its réle in the mobilization of 
earbohydrate. Experiments carried out on hypophysectomized animals in which 


the effeets of adrenaline on blood sugar and glycosuria were studied might have 
thrown some light on the question. However, the literature on this subject is 
contradictory. 

Aschner (1912) was the first to show that adrenaline produces either slight 
glycosuria or none at all in hypophysectomized dogs. Corkill, Marks and 
White (1934) demonstrated that adrenaline administered subcutaneously to hy- 
pophysectomized rabbits produced less hyperglycemia than in normals, despite 


previous glucose feeding. Similar findings have been reported by many investi- 
gators (Cope and Marks, 1934-1935; Houssay and di Benedetto, 1932; Chaikoff 
et al., 1935; Bachman and Toby, 1936; Collip et al., 1937). 

Russell and Cori (1937) criticized this work on the grounds that the subeuta- 
neously administered adrenaline was not absorbed by the hypophysectomized 
animals. When they administered adrenaline intravenously they found the 
hyperglycemic response in their hypophysectomized rats was the same as in 
their normals. This contradicts the work of Braier (1931), who also adminis- 
istered adrenaline intravenously but found that hypophysectomized dogs re- 
sponded with far less hyperglycemia than normals. It also contradicts the 
results of Fluch, Greiner and Loewi (1935) and of Képinoy (1937a, 1937b), who 
found diminished elycogenolvsis in the isolated livers of hypophysectomized 
frogs when they added adrenaline to the perfusing fluid. 


\ preliminary report is presented at the annual meeting of the American Phy siological 


Society in Chicago, 194] 
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The experiments of Russell and Cori (1937) are open to criticism. They pre 
sented results obtained on four hypophysectomized rats in which, after the 
intravenous infusion of adrenaline, they observed changes in blood sugar of +-40, 
+1338, +47, and +93 mgm. per cent. The average of these widely divergent 
figures was compared with the average of similarly divergent figures obtained 
in five normal rats. Their conclusion based on the comparison of these ave 
ages is not justified. Furthermore their animals were not in the postabsorptive 
state-—‘‘were not fasted prior to the experiment” and therefore might have 
been absorbing varying amounts of carbohydrate from their gastro-intestinal 
tracts. Finally, even had their experiments been otherwise satisfactory, since 
they claim to have found no difference in response to intravenously administered 
adrenaline between their normal and their hypophysectomized animals, it is 
essential that they produce conclusive histological evidence that their animals 
were completely hypophysectomized. They failed to do so. Considering all 
these facts their results are not convincing. 

Heinbecker and Weichselbaum (1937) administered adrenaline intraperi 
toneally and found that the hyperglycemic response was the same in their 
hypophysectomized as in their normal animals. ‘They state that their hypophy 
sectomized dogs were ‘‘2—4 times as sensitive {to insulin] as the normals.”” An 
analysis of their tables reveals that the post-absorptive blood sugars of their 
hypophysectomized dogs hardly differed from those of their normals, the forme 
ranging from 57 to 79 mgm. per cent (average 67 mgm. per cent) and the latte: 
from 60 to 86 mgm. per cent (average 72 mgm. per cent). This is in contrast 


to our own findings. Our hyvpophysectomized dogs were 30-60 times as sensi 


tive to insulin as normals. The post-absorptive blood sugars of our hypophy 


sectomized dogs were considerably lower than those of normals (see 

given below). Consideration of these findings and the additional fact that the 
completeness of their hypophysectomy was not verified by histological study 
(which is again indispensable in view of their findings) makes it doubtful that 
the animals which Heinbecker and Weichselbaum used for their experiments 
were completely hypophysectomized. 

Since exact knowledge as to the hyperglycemic and glycogenolytic action of 
adrenaline in the hypophysectomized animal would help to clarify the rdle of the 
anterior pituitary in carbohydrate metabolism, and since the literature on this 
subject contains many contradictions, we reinvestigated this question 

Merruops. Our experiments were done on dogs 24 normal, 13 hypophysee 
tomized, and 6 neurohypophysectomized. 

In the earlier series the hypophysectomies were performed by the temporal 
approach, in the later series the oral approach was used. In both, the entire 
hypophysis (pars distalis, pars nervosa, pars intermedia, and pars tuberalis) was 
removed in one piece. When the oral approach was used the bone opening was 
plugged with a sulfathiazole tablet (0.5 G.), and the animals were given | gram of 
sulfathiazole by mouth daily (divided into two doses) following the operation, 
until the stitches were removed from the soft palate. No postoperative infec 
tion occurred in any of our hypophysectomized animals. All the animals 
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discussed herein took food voluntarily within 24 hours after the operation. Fol 
lowing the operation the post-absorptive blood sugar levels were determined 
almost daily. Blood sugar determinations were also made after varying periods 
of fasting. Subsequently the animals were tested for their sensitivity to insulin. 
These studies constituted a valuable guide to the degree of completeness of our 
hvpophysectomy before the animals were sacrificed. Later the completeness of 
the hvpophyseetomy was actually determined by histological study of sections 
of a block including the body of the sphenoid bone, the fibrous tissue occupying 
the sella turcica, and the overlying brain tissue. In addition sections were 
made of the organs, with special attention to the thvroids, adrenals and gonads, 
and also of the removed pituitary gland. These studies were made by Dr. David 
Marine, Director of the Laboratories of Montefiore Hospital, New York City. 

The neurohypophysectomies were performed by the temporal route. The 
entire neurohypophysis [{infundibular process (neural lobe), infundibular stem, 
and median eminence] was destroyed, leaving the anterior lobe intact. These 
animals had permanent diabetes insipidus—excreting an average of 4000 to 
5000 cc. of urine per day, during the two vears following the operation. 

All the animals (normal, hypophysectomized and neurohypophysectomized ) 
were maintained on a constant diet. All the experiments were done with the 
animals in the post-absorptive state, seventeen to eighteen hours after the last 
feeding. In every case it was ascertained that the animal consumed and re- 
tained the allotted diet. However in one group of normal animals the experi- 
ments were made after an 8 to 13 day fast. 

The experiments were made without the use of anv anesthetic. The dogs were 
trained to lie quietly during the procedures. Adrenaline was infused intra- 
venously, at a constant rate of 0.0035 mgm./kgm./min. for five minutes. This 
rate of infusion is within the limits of the physiological adrenaline output in cats, 
as determined by Cannon and Rapport (1921). We consider theirs the only 
valid method of determining adrenaline output in animals under physiological 
conditions. To our knowledge no figures determined by their method are avail- 
able in the literature for the physiological adrenaline output of dogs. However, 
this amount of adrenaline was found to produce a marked hyperglycemia in all 
our normal dogs. 

Blood sugar samples were taken before the adrenaline infusion was begun, at 
the end of the infusion, and at regular intervals thereafter for the next two and 
one-half hours. The adrenaline experiments were repeated on some of the ani- 
mals, at intervals of several days. Blood sugar was determined by the Hage- 
dorn-Jensen method (1923), using the Somogyi acid-zine filtrate (1930). 

Liver samples were excised under local anesthesia for glveogen determination. 
They were excised a few days after the adrenaline experiments (method 1 
indirect), blood being drawn for sugar determination prior to the excision. 
During the interval between the adrenaline experiment and the excision of liver 
samples, diet being constant, post-absorptive blood sugars and body weights 
were followed daily. In some animals, after the liver samples were excised, blood 
was again drawn for sugar determination, and the adrenaline infusion experiment 
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was repeated. Additional liver samples were taken fifteen minutes after the end 
of the infusion (method II indirect plus direct 3 Live r glveoge nh was aC tel 
mined by a modified Pfliiger method (Bodo and Neuwirth, 1933 


RESULTS. Effect of adrenaline on blood sugar of normal dogs The five-minuts 
intravenous infusion of adrenaline (0.0035 mgm./kgm. min into eighteen 
normal, unanesthetized dogs produced a marked hyperglycemic respons The 


post-absorptive blood sugar values of these animals ranged from 79 to 93 mgm 


per cent (average 85 mgm. per cent). The day-to-day variation in post-absorp 
tive blood sugar value of each of these dogs was found to be less than 10 mem 
per cent during three weeks of observation. The rise of blood sugar caused by 
adrenaline was apparent by the end of the infusion, and reached its maximum 
within fifteen minutes from the start of the infusion. The average maximum 
rise of blood sugar was 58 mgm. per cent. The smallest rise seen in a normal 
animal was 43 mgm. per cent and the greatest rise was 81 mgm. per cent. The 
blood sugar gradually returned to normal levels within 120 minutes from the 
start of the infusion. 

Effect of adrenaline on blood sugar of hypophysectomized dogs. The blood sugar 
changes induced in thirteen unanesthetized hypophysectomized dogs by the five- 
minute intravenous infusion of adrenaline (0.0035 mgm./kgm./min.) are re- 
corded in table 1. Of these thirteen dogs, in dogs H7, H9, H10, H12 and H13 
histological study of sections of a block including the body of the sphenoid bone, 
the fibrous tissue occupying the sella turcica, and the overlying brain tissue 
definitely established the complete absence of pituitary cells. The pars distalis, 
pars nervosa, pars intermedia, and pars tuberalis had all been completely re- 
moved. In dog H11 a few strands of blurred cells were found, which might have 
been pituitary cells. In all the above dogs the hvpophysectomies were done by 
the oral approach. In each the adrenal cortices, thyroids, and gonads showed 
the atrophic changes characteristic of complete hypophysectomy, except that 
some slight evidence of activity was found in the gonads of dog H11 The re 
maining dogs listed in table 1 were hyvpophvsectomized by the temporal 
approach. All were found to have small remnants of anterior pituitary tissue 
However, these remnants were functionally insufficient to prevent the atrophy 
of the adrenal cortices, thvroids, and gonads, and they were not sufficient to 
influence metabolism. These dogs were found to be as sensitive to insulin as the 
100 per cent completely hy pophysectomized dogs were. All these animals were 
30 to 60 times as sensitive to insulin as the normal dogs Furthermore, these 
sub-totally hy pophysectomized dogs reacted exactly as did the totally hy pophy 
sectomized dogs to varying periods of starvation, and showed similar low post 
absorptive blood sugar levels and the same tendeney to spontaneous hypoglycemic 
crises. On this basis we have considered the sub-totally hyvpophysectomized 
dogs as functionally hypophysectomized. The effect of adrenaline on the blood 
sugar levels of both totally and sub-totally hvpophy sectomized dogs are consid 
ered in table 1. 

As mav be seen, the post-absorptive blood sugar values of the hypophysee 


tomized dogs varied from 33 to 69 mgm. per cent (average 53 mgm. per cent 
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TABLE 1 
The effect of intravenously infused adrenaline on blood sugar of h /pophysec tomized dogs 


glycogen determination by method 1 


Rate of intravenous adrenaline infusion: 0.0035 mgm./kgm./min. for five minutes All 


experiments started 18 hours after last feeding. No anesthetie given. 


BLOOD SUGAR (MGM. PER CENT 
, DAYS AFTER 
WEIGHT AT HYPOPH' WEIGHT AT LIVER 
OPERATION EXPERIMENT Maximum LIVER GLYCOG 
SECTOMY Before 
after Increase 


adrenaline 


Average 


Not included in average 


ibsorptive value 


Liver glycogen not determined 


1drenaline 
kem kem per cent 
H5 14.6 13 15.0 5d 6S 13 
52 14.6 5S 11 
60 14.9 54 4.42 
H 6 14.8 49 15.1 56 71 15 
5S 15.2 54 $.Q2 
Ht 7 13.0 7 12.1 19 76 277 
24 13.0 13 50 7 
27 12.9 52 3.95 
HS 15.8 $2 15.6 56 69 13 | 
53 15.8 53 86 
Ho 17.0 26 17.6 67 S4 17 
oo 1IS.0 56 71 15 
36 17.6 59 2:06 
Hi 10 15.9 29 16.9 64 SS 19 | 
26 16.6 51 1.65 | 
H 11 23.8 14 22.8 11 51 10 
IS 21.6 3S 1.22 
H 12 13.9 24 14.8 52 67 15 
31 14.8 33 0.94 
H 13 14.3 23 14.1 1h 56 10 
27 13.1 33 0.98 
10 19.0 62 77 15 
H 2 19.0 37 18.6 69 82 13 H 
H 3 15.4 15.5 61 74 13 
14.4 34 15.0 59 66 7 
13 
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far below that of the normals (average 85 mgm. per cent). The wide range 
these values seen in the hypophysectomized dogs is related to the progression 
of the changes following the hypophysectomy. This relation will be discussed 
at length in a subsequent paper. 

As in the normal dogs, the hyperglycemic response in the hypophysectomized 
dogs is apparent by the end of the adrenaline infusion, and reaches its maximum 
values within fifteen minutes from the start of the infusion. However, the blood 
sugar returns to its post-absorptive level more promptly than it does in the 
normal animals. As will be noted in table 1, the intravenously infused adren 
aline produced a maximum rise in blood sugar of 7 to 19 mgm. per cent (average 
13.mgm. per cent) in the hypophysectomized dogs —far less than that produced 
in the normal dogs (average 58 mgm. per cent). We have not included the rise 
of 27 mgm. per cent observed in dog H7 in an experiment carried out only seven 
days after hypophysectomy. In a second experiment carried out on the same 
dog twenty-four days after hypophysectomy a maximum rise of only 7 mgm. per 
cent occurred (see table 1), and in a third experiment carried out twenty-seven 
davs after hypophysectomy the maximum rise was 10 mgm. per cent (see table 
3). In all the other experiments on all the other animals, an interval much 
longer than seven days had elapsed between the hypophysectomy and the adren 
aline experiment, and invariably only a slight hyperglycemic effect was observed. 
This would suggest that the reduced hyperglycemic response to adrenaline is not 
present immediately after hypophysectomy but develops only subsequently. In 
connection with the rise of 27 mgm. per cent observed in dog H7 seven days 
after hypophysectomy it is also significant that whenever the adrenaline experi 
ment was repeated on any of the other dogs (see dogs H5, H9 in table 1, and dogs 
H9, H11 and H12 in tables 1 and 3) adrenaline produced almost identical in 
creases in blood sugar on each occasion. Even dog H7 gave two consistent fig 
ures on repeated experiments (see tables | and 3). For these reasons we have 
considered the isolated figure of 27 mgm. per cent separately. 

Liver glycogen content of hypophysectomized dogs—Determined by method 1. 
Having found a diminished hyperglycemic response to adrenaline in hypophysee 
tomized dogs the possibility suggested itself that this might have been due to the 
absence of adequate liver glycogen stores. Therefore it became essential to 
determine the amount of liver glycogen available in these dogs for mobilization 
by the infused adrenaline. Excision of liver samples before the infusion of 
adrenaline was deemed inadvisable due to its possible effect on the blood sugar 
curve; and it is obvious that a determination made at the end of an adrenaline 
experiment would give no indication of the amount of liver glycogen available at 


the beginning of that experiment. Therefore the procedure finally adopted was, 


as described above, to excise liver samples a few days after the last of the adren 
aline experiments, while the animals were maintained on a constant diet. In 
our opinion this gives an acceptable index of the liver glycogen present at the 
time of the infusion, if the body weight and the post-absorptive blood sugar level 
remained practically constant during the interval between the adrenaline experi 
ment and the excision of liver samples. 


| 
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In the experiments on dogs H5, H6, H7, H8, and H9 (table 1) these conditions 
were fulfilled, and we believe that the glycogen values obtained are very close to 
those actually present at the time of the adrenaline experiment. In the experi 
ments on dogs H10, H12 and H13 the post-absorptive blood sugar values at the 
time of the adrenaline experiment were much higher than they were at the tiny 
the liver samples were taken. Therefore it is most probable that the liver glyco 
gen values were also much higher at the time of the adrenaline experiments than 
they were when determined. In dog H11 there was a decrease in body weight, 
and therefore the liver glycogen as determined is probably lower than that pres 
ent at the time of the adrenaline infusion. Dogs H1, H2, H3 and H4 constituted 
an earlier series and no liver glycogen determinations were made on them, but 
they had relatively high post-absorptive blood sugar values and, in consideration 
of the glveogen values found in dogs H10, H11, H12 and H13 coexisting with 
much lower post-absorptive blood sugar values, it is probable that they too had 
ample liver glycogen stores. 

Even disregarding the probability that some of these animals had higher liver 
glycogen values at the time of the adrenaline experiment than they had at the 
time the determinations were made, it is obvious that at least H5, H6, H7 and 
HS had liver glycogen values within the range of those found in normal dogs. In 
a series of normal dogs in the post-absorptive state we found glycogen values 
ranging from 2.9 to 7.0 percent. As for the others, dogs H9, H10, H11, H12 and 
H13 had amounts of liver glycogen which were adequate to produce a hyper- 
glycemia far greater than that observed, had their liver glycogen been available. 
This point is clearly brought out by a study of the hyperglycemic response to 
adrenaline infusion in a series of fasted normal animals. 

Effect of adrenaline on blood sugar of fasted normal dogs. The blood sugar rises 
produced by the intravenous infusion of adrenaline (0.0035 mgm./kgm./min. 
in a series of normal dogs fasted for periods varying from 8 to 13 days are shown 
in table 2. In dogs F1, F2, F3 and F4 the experiment was repeated. As in the 
normal and the hypophysectomized dogs, the blood sugar rise is apparent by the 
end of the infusion and reaches its maximum within fifteen minutes from the start 
of the infusion: However, the blood sugar did not return to its pre-adrenaline 
level during the course of two and one-half hours. The maximum rise in blood 
sugar ranged from 27 to < 


37 mgm. per cent (average 31 mgm. per cent). The 
liver glycogen values of the fasted normal animals ranged from 0.7 to 1.3. per 


cent (average 1.0 per cent 

The average rise of 31 mgm. per cent in the blood sugar values of these normal 
animals fasted 8 to 13 days is more than twice that observed in the hypophysee- 
tomized series in the post-absorptive state (13 mgm. per cent) despite the fact 
that the liver glveogen stores of the fasted normals were no higher than the lowest 
values found in our hypophyseetomized dogs. In other words the lowest of the 
liver ghveogen values found in our hypophysectomized dogs was ample to have 
produced twice the observed hyperglycemia. 

Liver glycogen content of hypophysectomized dogs Determined by method 2. As 
stated above, in all the hypophysectomized animals, liver samples were taken a 


| 
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ew days after the adrenaline experiment (method 1—indireect). However, in 
dogs H7, H9, H11 and H12, following this excision of liver samples another adren 


rABLE 2 
T he effect of niraren« ly infused adrenaline n blood sugar of fasted ne l 7] 
Rate of intravenous adrenaline infusion: 0.0035 mgm./kgm./min. for five minutes i 
nesthetie given. 
M I 
NUMBER PERIOD OF FASTIN 
Bef aire Maxim na 
enaline 
10 os 
59 87 2s 
10 5S 93 i) 
I 63 Qo 
10 66 93 O7 
4 76 113 7 
13 76 112 6 
5 10 73 105 32 
S 59 S6 27 
Average 31 


TABLE 8 
The effect of ntrave nously infused adrenaline on blood sugar and liver gl ycogen of 
hypophysectomized dogs. Liver glycogen determination by method 2 


Rate of intravenous adrenaline infusion: 0.0035 mgm./kgm./min. for five minutes Al) 
experiments started 18 hours after lasi feeding. No general anesthetic given 


BLOOD SUGAR (MGM. PER CENT LIVER GLYCOGEN 
DOG WEIGHT DAYS AFTER | Weicnt At Before adrenaline 
AT OPERA HYPOPHY- Maximur 
NUMBER EXPERIMENT aximum fe 
TION SECTOMY fter Increase Before After 
Before After adrenaline adrenaline adrenaline 
liver iver 
sample* sample 
kem kgm per cent per cent 
13.0 12.9 52 o2 62 10 3.95 3.67 
H9 17.0 36 17.6 59 72 SS 16 2.05 1.40 
H 11 23.8 Is 21.6 3s 10 17 7 1.22 O.S4 
H 12 13.9 31 14.8 33 32 12 10 0.94 0.749 


* Postabsorptive value 


aline infusion was started. Fifteen minutes from the end of this infusion addi 
tional liver samples were excised (method indirect plus direct). The result 
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of these experiments are shown in table 3. It will be noted that dog H7 whic! 
had 3.95 per cent liver glycogen at the time of the adrenaline infusion showed : 
maximum blood sugar rise of only 10 mgm. per cent. Similarly, dogs H9, H11 
and H12 had 2.05, 1.22 and 0.94 per cent liver glycogen and showed maximun 

blood sugar rises of 16, 7 and 10 mgm. per cent, respectively. Further it should 
be noted that, except in dog H9, excision of the first liver sample (before adren 

aline) caused no rise in blood sugar. In dog H9 the blood sugar rose from 59 ti 

2 mgm. per cent after excision of the first liver sample. This was due to manip 

ulation of the liver and possibly to the effect of reflexly secreted adrenaline 

Obviously this obscured somewhat the effect of the subsequently infused adren 

aline. None the less the total blood sugar rise calculated from the post-absorp 

tive level is still only 29 mgm. per cent, with a liver glycogen content of 2.05 
per cent. 

Effect of adrenaline on blood sugar of neurohypophysectomized dogs. Up to this 
point we have considered the diminished hyperglycemic response to adrenalin 
as a characteristic of the hypophysectomized dog, but it is of interest to investi 
gate the relative importance of the different parts of the hypophysis in the 
phenomenon. Geiling et al. (1927) have presented evidence that the absence 
of the posterior pituitary is the determining factor in insulin sensitivity, and it 
might therefore be expected to have a part in the adrenaline resistance which 
we are engaged in investigating. To elucidate the relative importance of the 
anterior and posterior pituitary in this phenomenon we repeated the adrenaline 
infusion experiments in a series of six dogs in which the anterior pituitary was 
left intact but the entire neurohypophysis was destroved. Without exception 
these animals had normal post-absorptive blood sugar levels (93, 75, 87, 77, 75, 
S6 mgm. per cent), withstood fasting for a period of eight days as well as normal 
animals, and showed a response to insulin somewhat greater than that of normal 
dogs but by no means comparable to that of completely hypophysectomized dogs. 
When the same amount of adrenaline (0.0035 mgm./kgm./min. for 5 min.) was 
infused intravenously their maximum blood sugar rises in milligrams per cent 
were: 61, 63, 50, 71, 49, 67 (average 60 mgm. per cent). Their hyperglycemic 
response differed in no way from that of the normal animals. Therefore the 
decrease in hyperglycemic response to adrenaline is due to the absence of the 
anterior pituitary and is unrelated to the posterior pituitary. 

Discussion. On the basis of our experiments it is clear that hypophysec- 
tomized dogs invariably differ from normal dogs in that they show only a slight 
hyperglycemic response to intravenously administered adrenaline whereas the 
normals always show a marked hyperglycemia. This diminished hyperglycemic 
response in hypophysectomized dogs might be attributed either to a lack of 
adequate liver glycogen stores, or if these can be proved to have been ample, to 
some interference with the mobilization of the glycogen. Therefore, exact 
knowledge of the liver glycogen content at the beginning of the adrenaline 
infusion is essential. 

The literature contains very few data concerning this point. Houssay and 
di Benedetto (1932) working with toads, and Fluch, Greiner and Loewi (1935) 


ANTERIOR PITUITARY AND ADRENALINE HYPERGLYCEMIA Ls. 


working with isolated frog livers, determined the glveogen present at the time 
they demonstrated decreased glycogenolysis by adrenaline. Other workers who 
found smaller responses to adrenaline in hypophysectomized animals than in 
normals and attributed this to a defective glyvcogenolytic mechanism, either 
failed to do actual liver glvecogen determinations, or did them under such condi 
tions that they have no true signifieance. “These previous workers have not done 
liver glycogen determinations in their adrenaline resistant animals at the time 
that they were adrenaline resistant. The mere fact of feeding glucose (Corkill 
et al., 1934) previous to an adrenaline experiment does not necessarily mean that 
adequate liver glycogen stores are present in hypophy sectomized animals, since 
it is doubtful whether these animals are capable of storing gly cogen even though 
they are absorbing sugar when there is marked atrophy of the adrenal cortex 
Similarly, liver glycogen figures obtained on animals dying in insulin shock 
(Corkill et al., 1934) cannot be taken as any indication of the liver glycogen 
values present in other animals at the time of an adrenaline experiment, especially 
in consideration of the known glycogenopexic action of insulin. 

In view of the fundamental importance of determining the liver glveogen con 
tent precisely, we adopted two methods of determination: a direct and an in 
direct method. In the indirect method the determination of liver glycogen was 
made a few days after the last adrenaline experiment, but since in the interval 
these animals were on a constant diet, maintained constant body weight, and 
showed only negligible changes in their post-absorptive blood sugar levels, it is 
valid to assume that their liver glycogen content in the post-absorptive state 
at the time of the adrenaline experiment must have been practically the same 
as that found in the samples excised later. In the direct method the liver sam- 
ples were excised before the adrenaline was infused. The indirect method has 
the advantage that the blood sugar curve after the adrenaline is not exposed 
to the influence of opening the abdomen and taking the liver samples The 
direct method has the advantage that the blood sugar and liver glycogen values 
are determined simultaneously; but it has the disadvantage that the blood sugar 
curve might be influenced by the operative procedure. As a matter of fact, with 
one exception it was not, as ean be seen by a comparison of the figures in table 3 

Using these methods we were able to show that our hypophyseectomized dogs 
had amounts of liver glycogen which were adequate to have produced marked 
hyperglycemia had they been available. Some of these dogs had normal 
amounts of liver glycogen, and even those with the smallest amounts were within 
the range of the liver glycogen found in fasted normal animals which showed a 
far greater hyperglycemia after adrenaline. Further evidence that the amount 
of liver glycogen present was not the factor limiting the hyperglycemic response 
is seen in the fact that regardless of the fairly wide range in liver glycogen values 
found in our hypophysectomized dogs their hyperglycemic response to adrenaline 
bears absolutely no relation to their liver glycogen values. (This fairly wide 
range of liver glycogen figures is related to the stage to which the changes fol 
lowing the hvpophysectomy had progressed. ) 

Thus, we are forced to conclude that there is detinite impairment in the mobiliza 
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tion of the glycogen in response to infused adrenaline in the absence of 
the hypophysis. Since animals in which the entire neurohypophysis is dé 

stroyed, leaving the anterior lobe intact, respond to adrenaline exactly as normals 
do, this impairment of liver glycogen mobilization is duc to the absence of the an 

terior pituitary. We believe that this conclusion is justified although some ot} 
our hypophysectomized animals had small remnants of anterior pituitary tissu 

These sub-totally hypophysectomized animals behaved in every respect (response 
to insulin, to fasting; post-absorptive blood sugar level; tendeney to spontaneous 
hypoglycemic crises, ete.) like the completely hypophysectomized animals, and 
showed the same atrophic changes in their adrenal cortices, thyvroids, and gonads, 
and therefore may be considered functionally hypophysectomized. 

The mechanism for mobilization of liver glveogen is impaired then in the ab 
sence of the anterior pituitary. However it is not completely abolished since the 
liver glycogen may still be mobilized under certain circumstances. It is not 
fixed, as can be seen from the fact that in the hypoglycemic state that precedes 
death in many hypophysectomized animals the liver glycogen is very low. 

The liver glycogen might even have been mobilized by an amount of adren- 
cine larger than that which we infused. That is beside the point. It was our 
purpose to determine whether or not a difference could be detected between 
normal and hypophysectomized dogs with respect to the availability of their 
liver glycogen, and the dose of adrenaline which we used made a distinet differ 
ence manifest. Actually the dose selected is probably close to that which the 
animal might secrete under conditions of stress, and hence the results have addi- 
tional interest in connection with the physiology of carbohydrate metabolism 
of the hypophysectomized animal. 

This work reveals that hyvpophyvsectomy impairs the mobilization of liver 
glycogen, one of the body’s chief carbohydrate stores, in response to adrenaline, 
one of the body’s chief carbohydrate mobilizing agents. Therefore it may be 
concluded that the anterior pituitary —cither directly or indirectly through the 


mediation of other endocrine glands —plays as definite a réle in the mobilization 


of carbohydrate as it does in the mobilization of protein and fat. 


SUMMARY 


1. Adrenaline infused intravenously at the rate of 0.0035 mgm./kgm./min. 


for five minutes produces a marked hyperglycemia in normal dogs. 


2. Adrenaline infused intravenously at the rate of 0.0035 mgm./kgm./min. 


for five minutes produces only a slight hyperglycemia in hypophysectomized 


dogs. 


3. This failure of hypophysectomized dogs to respond to adrenaline with a 


marked hyperglycemia occurs despite the presence of ample liver glycogen stores. 


!. Fasted normal dogs with much smaller liver glycogen content respond to 


adrenaline with a far greater hyperglycemia than the hypophysectomized. 


5. Neurohypophysectomized dogs, with intact anterior pituitary, respond to 


the hyperglycemic action of adrenaline exactly as normal dogs do. 


6. In the absence of the anterior pituitary the liver glycogen is less readily 


mobilized by adrenaline. 


| 
| 
| 
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[t is obvious that the volume to mass ratio of the body and consequently its 
buoyancy is changing throughout the respiratory eycle. Nevertheless, as far as 
we know, this fact has never been used as a means of recording respiration con- 
tinuously. ‘The possibility that the continuous recording of changes in buoyancy 
might possess some advantages over the more commonly used methods of 
recording respiration was suggested to us by a paper by J. M. Turner (1938) on 
respiratory variations in the weight of a man submerged in water. 

The essential features of the recording system which we used are illustrated 
in figure 1. The dog, anesthetized with morphine and urethane, is placed on 
his back on a light dog board suspended in a tank measuring 70 x 60 x 40 em. 
The trachea is connected through a cannula to an enclosed inspiratory-expiratory 
valve, from each side of which a rubber tube leads to a pipe attached to one 
side of the tank. These two pipes connect to a rebreathing tank provided with a 
Hutchinson spirometer. Arterial and venous cannulae are inserted, small blocks 
which may be cooled by circulating aleohol are applied to the vagus nerves, the 
neck incision is tightly closed by sutures, and the animal’s nose and mouth are 
covered by a rubber membrane fastened with adhesive tape. The tank is then 
filled with isotonic saline to a level a few centimeters above the animal’s chest. 

Mounted above the tank is a short lever moving about a horizontal axis 
consisting of a steel rod supported on two ball bearing mountings. The dog 
board is suspended by four pieces of fish line from this lever close to the fulerum. 
Changes in buoyancy of the animal as occur during the respiratory cycle will 
result in a rise or fall of the animal in the saline bath with a consequent move- 
ment of the lever about its axis. If these movements are at all great the re- 
sulting inertia will make it impossible accurately to record the rapid changes in 
buoyancy associated with respiration. This difficulty is largely eliminated by 
a stiff flat steel spring which passes vertically through the center of the steel 
rod about which the lever moves. The tension provided by this spring keeps 
the movements of the lever and of the animal extremely small, making the system 
essentially an isometric one. The tension of the spring and the point of attach- 
ment of the dog board to the lever are adjustable. The very slight movement 
of the lever which does occur is greatly magnified and recorded on smoked 
paper by a tambour system. An increase in buoyancy of the animal as occurs in 

! Preliminary report: This Journal, Proe., 126: P593, 1939. 

2 These experiments were supported bya grant from the Rockefeller Foundation to Robert 
Gesell for studies on respiration 
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inspiration will result in a rise of the end of the lever from which the dog board 
is suspended, the consequent fall of the other end of the lever ce pressing thre 
receiving tambour and elevating the recording tambout In the kvmograph 
tracing upstroke represents inspiration, downstroke expiration 

The advantage of this method of recording respiration over a spirometer 
tracing is that changes in the level of the tracing are due solely to changes in 
chest volume associated with changes in tonus of the respiratory muscles, whereas 
variations in the level of a spirometer tracing may result from either alterations 
in the tonus of the respiratory muscles or variations in oxvgen consumption, 
and it Is frequently difficult to distinguish between the two We commonly 
recorded a spirometer tracing as well as our buovanecys record This buovanes 
method has the advantage over a chest band tracing that changes in total vol 


ume of the torso are recorded rather than variations in any one segment 
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The method has certain disadvantages also. Tf expiration is very sudden 
and forceful the writing point attached to the tambour tends to travel too faa 
and may bounce one or more times. This is due in part to the flexibility of the 
writing point and in part to agitation of the surface of the saline in the tank and 
it seemed impossible entirely to climinate it. Unless the respiratory rate ts 
very high this is not a serious defect as the writing point has time to come to 
rest at its true level before the next tmspiration. With very rapid: breathing 
this cannot occur and the record may be quite inaccurate. Ordinarily, however, 
a record is obtained which is indistinguishable from a perfeet spirometer tracing 
except that its level does not vary with changes in oxygen consumption 

It is true that the pressure of saline on the animal’s chest may reflexly alter 
respiration, but this can largely be counteracted by weighting the spirometes 
Ordinarily 2 water manometer was connected to the rebreathing tank and sufhi 
cient weight added to the spirometer to produce a pressure within the animal 
lungs equal to the mean water pressure on the exterior of the chest 


The following of changes in buovaney us no method of recording 1 piration 
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has now been applied to a number ot CNP rimental procedures commonly used 
in the study of various phases of respiratory physiology. Figures 2 and 38 
illustrate the etfeets of some of these procedures upon respiration, as recorded 
by both the buovanev method and the spirometer. In each case the upper record 
is the buovaney record, the lower one the spirometer tracing. In some of the 
figures an interrupted line is drawn below the buovaney record to make more 


obvious the changes in level of the tracing. 


VAGI BLOCKED 
DEBLOCKED 


t 
AGI BLOCKED DEBLOCKED STIMULATION 


12% 
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Vagal bloel Although blocking or cutting the vagi ordinarily increases the 
amplitude of breathing this occurs in spite of a decrease in the extent of ex 
piration. That is, after vagotomy the expiratory volume of the chest is con 


siderably greater than before, as clearly shown in figure 2.A by the rise in the 


level of the lower edge of the tracing. © Apparently the vagus normally is exerting 
some influence leading toa more complete expiration etfeet ot vagotomy 


is invariably seen when, as deseribed above, the spirometer is weighted so as to 
equalize the pPresstire On the inside and outside of the chest. If however this is 


not done, so that the weight of the saline in the tank exerts an unopposed pressure 


2B 
2F 
Fig. 2 
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tending to collapse the lungs, then the effect of vagotomy is Just the reverse of 
that stated above. There now results, as illustrated in figure 2B more complet 


expiration as shown by the drop in the level of the lowe: edge ot the tracing hae 
inspiratory volume of the chest as represented by the upper edge of the tracing 


mav actually be less than normal. 


These effects of Vagotomyv are ol particular Interest at the present time 


view ol the concept of vagal funetion recently elaborated by Gesell and associates 
Worzniak and Gesell, 1939; Gesell, 1940; Gesell and Hamilton, 1941; Gesell and 


3A 
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Mover, 1942), according to which vagal activity leads to a strengthening of 


both Inspiration and expiration, the expiratory effect ordinarily predominating 


This is in contrast to the older theories which regarded the vagus as purely in 


hibitory in function, the increase in vagal impulses with each inspiration serving 


to cut short that inspiration. The increased amplitude of respiration in the 


vagotomized animal could be necounted for either by this theory or by CGresell’ 
view that the intact vagus excites the inspiratory half-center leading to earlies 


functional exhaustion, and that the simultaneously exeited expiratory hall 
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center by a process of reciprocal inhibition brings the inspiratory discharge to a 
premature conclusion. (For a more detailed discussion consult) Gesell and 
Hamilton, LO41. But how can the less complete expiration of the vagotomized 
animal illustrated in figure 2A be explained by the Hering-Breuer theory? 
According to this theory if in the intact animal the vagal stretch receptors alone 
are being stimulated vagotomy should be without effect upon the expiratory 
volume. If the collapse receptors also are active in bringing expiration to a 
premature close then vagotomy should lead to a more complete rather than a 
less complete expiration. The observed less complete expiration of the vagoto 
mized animal appears capable of explanation only in terms of Gesell’s concept 
of the vagus as an excitatory rather than an inhibitory nerve, expiratory ex 
citation ordinarily predominating over inspiratory. 

When the pressure of the saline on the outside of the animal’s chest is unop 
posed by a similar pressure within the lungs, as was the case in figure 2B, the chest 
is apparently sufficiently collapsed to abolish or markedly diminish the excitation 
of the stretch receptors and to excite the collapse receptors. Under these con 
ditions the vagal excitatory influence is exerted predominantly upon the inspira 
tory half-center leading to a high expiratory lung volume.  Vagotomy now leads 
to a lessened lung volume as seen in figure 2B 

Saphenous nerve stimulation. In a large number of observations involving 
stimulation of the central end of the saphenous nerve we have never failed to 
observe a decrease in expiratory volume, that is, a more complete expiration. 
The inspiratory volume may be augmented or, if the inerease in frequeney of 
respiration is very marked, the inspiratory volume may be diminished. Three 
examples of such stimulation are shown in figure 2C and DD. These results may 
he interpreted in agreement with Gesell and Hamilton (1941) as indicating a 
strengthening influence of such a nerve upon both inspiratory and expiratory 
activity. 

Carbon dioxide. As is well known, the breathing of gaseous mixtures high 
in carbon dioxide ordinarily produces a marked increase in the amplitude of 
respiration. Now if one examines the buoyancy tracings in figure 2K and F it 
is seen that this increase in respiratory amplitude is brought about not only by 
a deeper inspiration but also, and to a very considerable extent by a more power 
ful expiration, as shown by the drop in level of the lower edge of the tracing 
That carbon dioxide might markedly stimulate the expiratory half-eenter was 
indicated in the experiments of Sobin and Nicholson (19388) involving local appli 
cation of carbon dioxide to the floor of the fourth ventricle and by the observation 
of Gesell and Mover (1941) that pneumothorax during hypercapnia frequently 
caused a slowing instead of the usual acceleration of respiration, the slowing 
being accompanied by signs of increasing expiratory activity. 

Sodium carbonate. It was found that the apnea resulting from carbonate 
administration may occur at or near the normal expiratory volume as seen in 
figure 2G, Hand J or considerably above it, that is, with the chest intermediate 
between the inspiratory and expiratory positions as in figure 2h and L, de 
pending apparently upon the relative dominance of inspiratory and expiratory 
activity. 
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Low orygen. The effeets of low oxygen administration contrast decidedly with 
those of carbon dioxide. The hyperpnea of anoxia invariably is associated with 
an increase in Inspiratory volume. The lung volume at the end of expiration 
may remain constant but usually rises markedly as seen in figure 3A and B rep 
resenting Observations upon the same two animals as 2k) and FF. That is, 
if an increase in respiratory amplitude is to occur it must occur entirely as a 
result of a deeper inspiration and in spite of a less complete emptying of the 
lungs on expiration. This failure to increase expiratory activity may in part 
account for the fact that the increase in respiratory amplitude produced by low 
oxygen is usually considerably less than that produced by carbon dioxide admin- 
istration. 

Cyanide. Since the respiratory stimulating effects of cyanide are, like those 
of low oxygen, due mainly to action at the peripheral chemoceptors, it might be 
expected that the effects of the two procedures would be similar. This ex- 
pectation is in large part realized if differences in the intensity of the stimulus 
in the two cases are taken into account. The hyperpnea of evanide is invariably 
associated with an increase in inspiratory volume. The expiratory level may 
remain constant as in figure 3E and the early part of figure 3D, or it may rise as 
in the early part of figure 83C. However, there not infrequently occurs marked 
augmentation of expiration, something never observed upon administration of 
low oxygen mixtures. This effect is illustrated in the latter parts of figure 3C and 
D. This increased expiratory activity is most frequently seen in those obser 
vations in which the hyperpnea is maximal, it usually occurs rather late—after 
increased inspiratory activity has been evident for some time—and often is most 
evident at a time when the hyperpnea is diminishing or when signs of respiratory 
depression are appearing. All of these characteristics suggest that fatigue or 
even depression of the inspiratory mechanism following its extreme excitation 
may be responsible for the increased expiratory activity produced by evanide 
but not by low oxygen. 

The effects of anoxia and cvanidemia here described agree with the observation 
of Gesell and Hamilton (1941) that eleetrical stimulation of Hering’s nerve may 
increase both inspiratory and expiratory activity, but that the inspiratory 
excitation predominates. 

Hemorrhage. The hyperpnea of hemorrhage is invariably associated with 
a decrease in the extent of expiration, as shown by the increase in the buoyancy 
of the animal in figure 3F. Reinjection of blood, saline, or even distilled water 
reverses this effect. This result of hemorrhage may be due simply to the decrease 
in the volume of the thoracic and abdominal contents leaving more room in the 
chest for air. 


SUMMARY 


A method of recording respiration by continuous determinations of the buoy- 
ancy of an animal submerged in water is described and its advantages and lim 
itations discussed. 

Results of the application of this method to various procedures commonly 
used in the study of respiration are described. 
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Vagotomy is followed by an increase in inspiratory volume of the lungs but 
decrease in the extent of expiration, indicating that the vagus previously h; 
been exerting a predominantly expiratory augmenting influence. If the pressu 
of the liquid in the tank upon the animal’s chest is not compensated, thus r 
sulting in excitation of the pulmonary collapse receptors and removal of excit: 
tion from the stretch receptors, the above effects of vagotomy art reversed, tl 
extent of expiration now being increased, indicating that under these conditior 
the intact vagus exerts a predominantly inspiratory augmenting influence. 

Stimulation of the saphenous nerve increases both inspiratory and expirato) 
activity. 

Carbon dioxide administration causes both a deeper inspiration and a mor 
complete expiration. 

Sodium carbonate apnea may occur at the normal expiratory volume or abov: 
it depending upon the relative dominance of inspiratory or expiratory activity 
Low oxygen administration results in an augmentation of inspiration but 
less complete emptying of the lungs on expiration. Cyanide acts similarly 
except that in cases where the hyperpnea is extreme there may be a second phas« 

of expiratory augmentation, due probably to inspiratory fatigue. 

Hemorrhage results in an increased expiratory lung volume possibly due simply 
to the decrease in volume of thoracic and abdominal contents. 
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A number of investigations have been made concerning the effects of gonado 
tropic substances on pregnancy. Antuitrin-S injected during the first half of 
the gestation period usually resulted in the birth of normal fetuses at term in 
rats and rabbits (1, 2). Prolonged gestation and postmature fetuses were 
obtained by the administration of crude anterior pituitary and urine extracts 
3-6) and Antuitrin-S (7-12) in late pregnancy, but more recent work on rats 
with Antuitrin-S (13) and human pregnaney serum (14) did not substantiate 
these results. This report is the result of a more intensive and extensive study 
of the effects produced on the fetuses by injections of Antuitrin-S into pregnant 
rats and rabbits. 

Mertruops. Eighty-six rats and 16 rabbits were used in this study. The 
methods emploved with rats were the same as those discussed in an earlier 
paper (13) and need not be repeated here. The rabbits were mated in the early 
morning of the first day of gestation (the gestation period being 32 days). The 
condition of the fetuses was ascertained by autopsy, laparotomy, or by their 
appearance at birth. 

Resutts. Rats. Fifteen animals were injected with 40-100 R. U. of An 
tuitrin-S on the 5th-19th day of gestation. At autopsy on the 15th, 17th, 
ISth, 19th or 20th day, 112 fetuses were recovered. Seventy-four and one-tenth 
per cent of these were living and 25.9 per cent were dead. 

Seventy-one animals were injected with 40-200 R. U. on the lth, 15th, 16th, 
l7th, 18th, 19th, 20th or 21st day of pregnancy. Six hundred and twenty 
three fetuses were obtained from these animals. One hundred and thirteen 
were born prematurely; 98.3 per cent of these being dead and 1.7 per cent alive. 
Three hundred and twenty-eight fetuses were born at term-— 53.1 per cent were 
dead and 46.9 per cent alive. Those born past term numbered 33-51.6 per cent 
were dead and 48.4 per cent alive. The condition of 149 fetuses 68 before term, 
66 at term and 15 past term—was obtained at autopsy or by exploratory lapa 
rotomy on the 18th, 19th, 20th, 21st, 22nd, 24th or 26th day. Of those examined 
before term, 17.6 per cent were dead in utero and 82.4 per cent were alive; 47.0 
per cent of those examined at term were dead and 53.0 per cent alive; those 
examined past term were all dead. Of the total number of fetuses (623), 
16.8 per cent were viable and 83.2 per cent non-viable. “Three hundred and one 
of the fetuses were from animals injected on the 18th day and of this number 
only 3.6 per cent were viable. It is evident that the fetuses were most adversely 
affected when the injections were made on the I8th day. It may be said 
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generally that two factors were paramount in determing the viability or non 
viability of the fetuses—dosage and time of injection. The smaller dos 
50-75 R. U.) usually resulted in birth occurring prematurely or at term and 
the larger doses (100-200 R. U.) in postponed and prolonged parturition 
With the exception of one possible case the fetuses showed no signs of post 
maturity. 

Rabbits. Sixteen rabbits were injected intravenously with 40 R. U. of An 
tuitrin-S per kilogram of body weight on the 23rd, 24th, 25th, 26th or 27th 
day of pregnancy. Eighty-one fetuses were obtained from this group. In no 
ease did parturition oecur prematurely or at term and in 2 cases it occurred 
past term. One animal resorbed her young and in one case one fetus was 
retained in utero 81 days (49 days past term). Living fetuses were born to 
| animal on the 33rd day. The condition of the remainder of the fetuses asce1 
tained by autopsy was as follows: 15 fetuses, 13.3 per cent dead and 86.7 pet 
cent alive, at term; 15 fetuses, 60.0 per cent dead and 40 per cent alive, before 
term; and 45 fetuses, 84.4 per cent dead and 15.6 per cent alive, past term. 

The ovaries of practically all rats and rabbits injected with Antuitrin-S were 
enlarged and contained induced corpora lutea in various stages of develop- 
ment; large luteal cysts, some of which were hemorrhagic, were not uncommon. 
In several instances very large follicles were present, most of these being cystic 
and atretie and an occasional one hemorrhagic. 

Discussion. A review of the literature revealed that the reported prolonga- 
tion of pregnancy obtained by the injection of progestin, human pregnancy 
urine, and anterior pituitary extracts is usually attributed to the secretion of the 
corpora lutea administered as an extract or secreted by the corpora lutea in- 
duced in the ovaries of the experimental animals. It is significant that in this 
study 48.7 per cent of the rats and 43.8 per cent of the rabbits injected in late 
pregnancy had induced corpora lutea in the ovaries but these were unable to 
maintain viable fetuses past term. 

Since there was a high mortality rate of fetuses in utero before or at term and 
a low incidence of living, postmature fetuses, it appears that Antuitrin-S acted 
as an abortient rather than an agent prolonging gestation. Histological studies 
of the placentae and uteri of animals bearing dead fetuses in utero revealed, in 
most cases, hemostasis, infarct formation and necrosis. It was evident that 
the blood supply through the placenta had been decreased, and it is possible 
that this, plus excessive uterine pressure, were factors involved in causing the 
death of the fetuses in utero. This latter factor is partially supported by the 
fact that some fetuses were compressed at birth. 


SUMMARY 


Varying amounts of Antuitrin-S injected into pregnant rats and rabbits in 
late pregnancy usually resulted in death of the fetuses in utero or soon after 
parturition and rarely in postponed and prolonged parturition. The ovaries 
usually contained induced corpora lutea but these evidently did not reach a 
threshold level of secretion. 
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The embrvonice heart beats for several hours before it brings about the eireu 
lation of the blood. During this interval there is an elaboration of the contra: 
tile activity which results in a codrdinated functioning organ. Since the various 
steps and phases of this development make their appearance more or less inci 
pendently they can be studied separately or in a simplified form. The purpos: 
of this paper is to deseribe this activity of the early embryonic heart and to pr 
sent some conclusions which are significant for the interpretation of adult cardia: 
function. 


The literature of historical interest and the recent experimental work dealing 


with the early development of the heart have been reviewed by Patten and 
Kramer (10). References to the literature of more immediate application will 
be made in the discussion. 

\IerHops. The observations were made on the hearts of rat embryos in tissu 
cultures. Whole embrvonic vesicles were explanted, however, instead of frag 
ments of tissue (5). Although the conditions inside the uterus could only be ap 


proximated by this technique the results show that the embryos were mounted in 
a reasonably favorable environment. The temperature was maintained at 
38+1°C. and mechanical agitation cut to a minimum by keeping the cultures in 
an incubator built especially to house the microscope which was used for ob- 
servations. A mixture of 80 per cent oxvgen and 20 per cent air was introduced 
into the moist chambers because it was found that it stabilized the contraction 
and prolonged the activity. The embryos remained in vigorous condition and 
continued their morphological development for 18 to 24 hours and the hearts 
contracted for 3 to 4 days without change of medium. 

The litters of 53 rats with a total of 527 embryos were used. Of these 292 were 
successfully installed in cultures. The heart rate was counted on 138 embryos 
and cinematographie records were made of 48. Preserved embryos were used 
for reference and for checks of the age of embryos and number of somites. The 
fixed material included serial sections of at least 15 embryos for each number of 
somites between 2 and 9. 

For the morphology of the heart of the rat embryo at various stages the reader 
is referred to the excellent stereoscopic pictures of Burlingame and Long (1 
Although a considerable variation between the degree of development of the 
heart and the number of somites has been given by most investigators of the 
subject (including Goss) (5), in this paper a definite relationship between heart 
and somites will be maintained. Our reason for doing this is that a close cor- 
respondence was found in serial sections of fixed embryos where the number of 
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somites could be counted accurately, and we suggest that experimental error may 
enter into the counting of somites of whole embrvos either fixed or alivé 

The age of the embryos will be given in somites, therefore, as the most satis 
factory unit for measurement of developmental time. The statistical evidence 
indicates that the formation of each of the first nine somites requires 2 to 3 hours 
of intrauterine life. Although contraction of the heart continued apparently 
unabated in many of the cultures, the development of morphological units such 
as the somites was definitely retarded. By comparing embryos of different ages 
immediately after removal from the uterus with embryos which had been in cul 
tures for varying periods of time, it was found that developmental processes took 
roughly twice as long in culture as in the uterus. 

Resutts. Initiation of contraction occurred in embryos with three somites o1 
approximately 9 days and 14 hours old. The heart at this stage is composed of 
two lateral rudiments separated from each other by the anterior intestinal portal 
5). The first visible activity was the feeble twitching of a few cells in the 
myocardial mantle of one heart (the left) Just to the ventricular side of the atrio 
ventricular junction. The endocardium in this region had formed a tube about 
the size of an adult capillary. These first contractions had a regular rhythm and 
a surprisingly constant rate of between 34 and 42 beats per minute (table 1 

The beginning of contraction in the heart rudiments of the other (the right 
side was seen about two hours later. It commenced in the ventricle near the 
atrio-ventricular junction, was regular but somewhat slower than the left and 
completely independent of it. Both heart rudiments continued to contract in 
dependently for 2 or 3 hours or through the period when the embryo had four 
somites. The activity spread in the splanchnic mesoderm, the layer from which 
the myocardium is formed, until the two lateral hearts became distinct tubulai 
structures. During each beat the contraction spread as a “‘peristaltoid’? wave 
(10) from the venous or atrio-ventricular end toward the arterial end. Each 
heart had its own characteristics. The left was more curved and saccular, the 
right more narrow and straight. The left had a more rapid rate and contracted 
with asnap. The right was slower and the peristaltoid wave appeared to give a 
more powerful squeeze. These differences have been exaggerated experimentally 
by making the two rudiments continue their development as independent organs 
instead of allowing them to become incorporated in the normal single ven 
tricle (4 

Although the contractile layer of each lateral heart was visible as a distinet 
fold, its continuity with a larger sheet, the splanchnic mesoderm, was clearly 
demonstrable also. The latter, as the ventral wall of the eleftlike pericardial 
eavity, arched around the cephalic end of the embrvo linking the heart primordia 
of the two sides into a single structure with the shape of the letter | As thi 
lateral hearts developed they increased in size by incorporating more and more 
of this intervening sheet in their contractions. Finally the contractions involved 
the laver up to and across the median plane to establish a single saccular ventricle 
which extended over the foregut. This oceurred at about the time the embryo 
formed the fifth somite. 
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The entire heart contracted as a unit once the junction was accomplished 
The contraction wave began at the atrio-ventricular junction of the left side an 
spread in a peristaltoid wave to the junction of the right side. It did not trav: 
from venous to arterial opening as one might expect or as it did in the laters 
hearts before their union. 

The myoeardium developed until it almost completely surrounded the endo 
eardium to form a single squat tubular ventricle during the period when thi 
embryo had 6 somites. The shape of the heart was such, however, that th: 
right and left atrio-ventricular regions were not as widely separated as before and 
the contraction wave appeared to travel from the venous to the arterial end of the 
tube rather than from side to side as in the preceding stage. The pace making 
activity of the left side became less stable and not infrequently the right side set 
the pace. 

When the atrium began contracting there was no structural evidence that a 
new center had appeared. Its presence was not appreciated, therefore, in direct 
observations with the microscope. The earliest activity was discovered in slow- 
motion cinematographs. A small group of cells just on the atrial side of the 
atrio-ventricular junction contracted at a definite interval, measured 0.1 to 0.2 
second on slow motion pictures, before the rest of the heart. Direct somite 
counts were not entirely satisfactory but they indicated that this took place 
toward the end of the 6 somite stage. The atrium was recognizable morpho- 
logically and the pause distinguishable without the aid of cinematographs in 
most 7 somite embryos. Once the atrium became active it was pace-maker for 
the whole heart. Occasional short periods of intermittency were observed but it 
is not known whether these were the manifestation of unstable activity or the 
result of injury. The ventricle at this time had acquired a partial S curvature. 
Its contraction gave a vigorous squeeze which completely closed the lumen of 
the endocardium and appeared more competent to propel the blood in circu- 
lation. 

The bilaterality of the early heart was again evident at the time of initiation of 
contraction in the atrium. It would be more accurate to speak of two atria but 
we hesitate to call them right and left atria because they are not the direct fore- 
runners of those chambers in the adult. The slight constrictions of the heart 
tubes which we have designated the atrio-ventricular junctions were still in evi- 
dence as limiting boundaries between the ventricle and the venous tubes which 
diverged abruptly at the anterior intestinal portal to run laterally toward the 
volk sac. In the majority of cases the atrial region of the left side was the pace- 
maker for the whole heart, and although such activity was seen on the right side, 
it seems likely that the left side is the normal pacemaker in the early atrium. In 
certain embryos which had apparently been injured the atrial rudiments acted as 
independent centers, setting the pace for portions of the ventricle on their own 
sides. In one of the cases of double heart which developed after suppression of 
the median region of the embryo (an experiment performed later than those re- 
ported by Goss (4)) each of the widely separated hearts had a structurally dis- 
tinct atrium which set the rhvthm for its own ventricle. 
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Circulation of the blood began in embryos with 8 somites. Prior to this there 
had been backward and forward motion of blood cells in the volk sac vessels or ot 
the occasional free cells seen in the aorta and heart. As the time for cireulation 
approached, the cells in the vitelline veins moved a little farther toward the heart 
than they did back again. Finally a complete circuit was established in the 
endothelial tubes and blood cells progressed haltingly into the heart \t first 
there were only a few cells in the cireulating fluid, but the number increased 
rapidly as more were washed out of the volk sac capillaries. The atrium had ac- 
quired distinct morphological outlines at this time but its physiological signi 
ficance was confined to its power as pacemaker, since it appeared to contribute 
nothing to the mechanical pumping. The period of time between the initia 
tion of contraction and the beginning of circulation is from 12 to 15 hours. 


TABLE |! 
oF NI AVERAO! BANOE Of 
per min 
3 Left heart (initiation 13 3S 34-45 2.9 
of contraction 
3 Right heart (first con- j 31 30-32 | 
traction* 
} Left heart 11 17 38-50 5.6 
i tight heart } $2 31-53 
t Ventricle single 15 16 37-52 1.5 
5 Ventricle 24 53 13-63 1S 
6 Ventricle 21 67 60-78 5 
6 Jeginning atrium } 69 64-71 3 
7 Atrium pacing 12 74 66-80 iy 
S Atrium pacing 11 S7 74-99 5.7 
S Beginning circulation } 7 64-92 12 


* This means first contractions observed on right side, not first contractions in the 


embryo. 


The data on contraction rates suramarized in table 1 were selected as the most 
reliable and significant. Those eliminated were principally the records of em 
bryos which showed signs of injury or abnormality. Some inaccurate counts 
may have been included but it seemed desirable to retain as large a number as 
possible. The averages agree reasonably well with the most vigorous and care 
fully observed individuals, those which would be chosen as typical cases. The 
greatest error was due to the difficulty in counting the somites. It was made 
more accurate in the later experiments by carefully checking the number otf 
somites with the morphological development of the rest of the embryo, particu 
larly the heart and forebrain. The typical stages of the latter were established 
by wax plate reconstructions of fixed serial sectioned embryos. Nearly all of the 
counts were made within three hours of removal from the uterus and many of 
them represent averages of two or more counts made at 15 to 30 minute intervals 


The increase in heart rate during development is a gradual one and ts not 
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marked by the jumps which are suggested by the average values in the tabk 
By a coincidence the rate per minute is approximately ten times the number o 
somites up through eight and a useful representation would be, for example, 

somites, 40 to 50; 5 somites, 50 to 60; and soon. There is an obvious overlap 
ping of rates from one somite age to then extand the data are not, therefore, st: 
tistically significant except as they show the trend. The standard deviations a1 
included because they give information on the scattering of values. 

Discussion. Spontaneous contractions occur when the heart is still rudi 
mentary. They have a regular rhythm in Amblyvstoma (2) and in the rat (5) but 
there is a disagreement concerning this point in the chick. Thev are regulan 
according to Sabin (11) and Johnstone (8) but Patten and Kramer (10) using a 
cinematographic recording method found that irregular twitchings preceded the 
regular contractions. All these authors agree that the ventricle contracts first ; in 
fact, the heart is composed entirely of ventricle at this stage. Copenhaver (2 
proved conclusively that the ventricle initiates the contraction by first marking 
the contractile cells with a vital dve and then later identifying them in the 
ventricular wall after the heart had developed for several days. 

Contraction of the two primitive lateral hearts seems to be peculiar to mam- 
malian embryos and is an indication of the precocious development of the vascu- 
lar system in this class. The first contractions in the chick (10) and in Ambly 
stoma (2) occur in the single median ventricle. The contracting lateral hearts 
are more widely separated in the rabbit than in the rat (3), and they remain apart 
longer, even after the atria have developed. The early morphological differences 
between the two lateral hearts reported in mammals other than the rat and the 
constancy of physiological differences found in living embryos (3, 5) show that an 
asvmmetry in the heart is established at a very early period. 

The left heart was given above as the site of initiation of contraction although 
contractions were occasionally seen on the right side first. The latter were ob- 
served only in embryos in which the left heart never contracted, apparently be- 
cause of injury (5). Initiation of contraction on the right side has not been 
ruled out as a possibilitv, therefore. The right side of the single ventricle has 
been given as the position of first contractions in the chick (10) but neither side 
was found to predominate in Amblystoma (2). 

A progressive wave of contraction, called peristaltoid by Patten (10), is 
characteristic of the heart muscle almost from the first. It travels from venous 
to arterial ends of the lateral hearts, from left to right in the single ventricle in 
its saccular stage and from atrial to aortic ends of the S shaped tube at the be- 
ginning of circulation. This wave, obliterating the endocardial lumen as it 
progresses, operates very effectively in the absence of valves to propel the blood 
out of the early heart. 

Two of the most important factors in coérdinating the chambers of the heart 
seem to be inherent in the myocardium itself. These are first, the pause between 
the atrium and ventricle, and second, the ability of one chamber to inhibit the 
spontaneous activity of a neighboring chamber. In its earliest stages the 


atrium was recognized as a center of activity by the pause between its contraction 
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ind that of the ventricle. The atrio-ventricular interval became somewhat 
longer during the period of development under observation but it approximated 
the adult value. At this stage the contractile cells of the atrium are in clos 
contact with those of the ventricle. Intervening tissue which might act eithe: 


as an insulating medium or conduction system has not been identified (10 

Copenhaver (2) and Patten and Ikramer (10) do not mention the interval and 
they apparently used morphological appearance alone for identification of the 
early atrium. 

Although the ventricle has the power to originate its own rhythm in the early 
stages, once the atrium becomes pacemaker it seems to have the power to in 
hibit the spontaneity of the ventricle. In our experiments heart block was 
frequently seen in embrvos which had been in culture for many hours but it was 

partial, not a complete block. In still older cultures the contraction was 
intermittent but the ventricle did not become independent of the atrium unless 
a mechanical injury separated the two chambers. A cut or a ligature, of course, 
does allow the ventricle to revert to a spontaneous rhythm at its own intrinsic 
rate (2, 10, 8). The ability to be inhibited would seem to be a fundamental 
property of all the chambers of the heart if we consider the action the same in 
the inhibition of the ventricle by the atrium, the atrium by the sinus and the 
sinus by the vagus nerve. 

Copenhaver (2) has shown by his very careful and complete experiments with 
(Amblystoma embryos that the chambers of the heart begin contracting at their 
own intrinsie rates. Our observations are confirmatory as far as we have been 
able to carry them. The contraction rate of the whole heart in rat embryos 
increases gradually, that is, there is no sudden jump when the atrium becomes 
active. When the rate reaches a value of approximately, 69 (table 1) the atrium 
tukes over th pace-making function. Rates above this value in ventricle alon 
were rarely seen. The lowest rate recorded for the atrium was 53 per minute, 
but this low value was seen only in embryos which had been in cultures for more 
than six hours. A few preliminary observations indicate that the sinus activits 
begins at a rate above 120. It will be necessary to perform experiments similat 
to Copenhaver’s of cutting the ventricle from the atrium in older embryos in 
order to determine the intrinsic rates precisely. Preliminary values may be 
given, however; for the ventricle between 40 and 70 and for the atrium between 
70 and 120. The latter may seem to be a wide range and a high value but it 
must be recalled that the average rate for an adult rat is 458 per minute (7 

Physiological activity precedes structural differentiation in both the ventricle 
and the atrium. This applies to the morphological development as well as to 
the evtological differentiation. In both chambers, the cells whieh contract first 
are not marked off from the rest of the splanchnie mesoderm in that region except 
1 their topographical position in relation to the future atrio-ventricular june 
tion. The evtologieal differentiation of fibrillae with cross striations appears 
after the muscle cells have been contracting for several hours and the eireulation 
is established (6,2). The early hearts were fixed according to the method recom 


mended by Lewis (9) while they were contracting and the effect watched under 
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the microscope. These findings make it difficult to accept theories of musculsai 
contraction which are based on the presence of specialized cytological structures 
such as cross striations. 

The beginning of circulation marks the climax of a concerted development on 
the part of the embryo. The heart has developed into an adequate pumping 
mechanism, the endothelium has established a complete circuit of hollow tubes 
and the cells in the blood islands have elaborated hemoglobin to a point where 
they are effective carriers of oxygen. Although the establishment of the com- 
plete circuit seems to take place rather abruptly, the effect of the beating heart 
can be seen before this time by the backward and forward motion of occasional 
cells in the lumen of the heart or vessels. It is probable that this produces a 
kind of seeping circulation which serves to move the fluids and improve the 
exchange of materials both within the embryo and between the embryo and the 
maternal reservoirs of blood surrounding the yolk sac and membranes. 


CONCLUSIONS 


The following points concerning the fundamental or intrinsic powers of the 
myocardium have been made in our observation of early embryonic hearts: 
First, the power of spontaneous rhythmical contraction is possessed by each of 
the chambers and they have their own intrinsic rates. Second, the contraction 
of the myocardium progresses by a wave from one end of the chamber to the 
other. Third, the atrio-ventricular interval which makes coérdination of the 
whole heart possible appears along with atrial contraction itself. Fourth, the 
spontaneous rhythm of the ventricle is inhibited by the atrium. Fifth, mechani- 
cal work, pumping the blood, begins after the preparatory development outlined 
above. 
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Despite numerous attempts to determine the influence of hydrochloric acid on 


- the motor activity of the pyloric sphincter and the immediately adjacent por- 
€ tions of the gut and on the process of gastric evacuation, uniformity of opinion 
has not been attained. The literature in this field has been reviewed especially 
by Cannon (1), Babkin (2), Alvarez (3) and Van Liere and Sleeth (4). 
According to a popular concept, gastric evacuation is chiefly controlled by 
€ pyloric sphincter activity and this in turn is largely regulated by HCI]; acid in 
: the stomach causing sphincter relaxation and gastric evacuation; acid in the 
. duodenum delaying emptying by producing pyloric spasm. The theory has ' 
- repeatedly been questioned, but the investigations favoring or opposing it largely 
€ involved studies supplying only indirect information regarding sphincter activity ; 
e chiefly fluoroscopic observations or the measurement of volumes of material 
” expelled from a duodenal fistula or recovered from the stomach. A direct 
i method of studying sphincter and antral activity was employed by Thomas, 
d Crider and Mogan (5) and led them to conclude that acid in the duodenum 
caused a pvlorospasm followed by inhibition of the sphincter and antrum. 
This problem has not been investigated in the normal trained dog by the 
multiple balloon method and the fluoroscopic-optical manometer technic, despite 


the fact that these methods appear particularly adaptable to the problem.  W< 
have therefore undertaken this tvpe of investigation. 

Balloon studies, such as we have employed in this study, permit direct observa- 
tions of the motor activity of the entire pyloric sphincter region. "The investiga- 
tion was also designed so definite volumes of acid in known concentrations came 
directly into contact with the portion of the gut whose susceptibility was to be 
tested. Since in fasting animals, the acid would encounter no food and little 
secretion, the rate of adsorption or neutralization should be moderate. An 
additional reason for employing fasting animals for many of the experiments is 
dependent on the fact that previous studies have shown the motility of the 
pyloric sphincter region prevailing during fasting is particularly susceptible to 
modification by experimental procedures. 

Seven dogs provided with cannulae affording access to the stomach and 
duodenum and trained to co-operate with the experimental procedures were em- 
ploved. While comfortably resting on mattresses, three tandem balloons were 


1 This investigation was aided by a research grant from the Ella Sachs Plotz Foundatios 
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introduced by the method of Meschan and Quigley (6) to lie in the pylori 
sphincter and immediately adjacent to it in the antrum and bulb. A fourth 
balloon was placed in the mid-duodenum. Employing basal pressures of 2 em 
of water in the systems, records were made from water manometers. Thi 
experiments were started 18 hours post-cibum. The test solutions at body tem- 
perature were administered on each occasion over an interval of two minutes, 
while vigorous, uniform motility was in progress in all four regions. 

Acid in the stomach. Wydrochlorie acid was introduced into the pyloric 
antrum by a tube opening 4+ cm. proximal to the sphincter. We have found that 
substances so given rapidly bathe the entire antrum and usually enter the 
duodenum after an interval of 4 to 6 minutes. Administration of 10 ec. quanti- 
ties of 0.2 per cent HCl on ten occasions produced no modification in motility 
of the sphincter region or mid-duodenum on eight trials, but was followed by a 
slight augmentation in tonus limited to the antrum on the two remaining trials. 
Administration of 5 ce. quantities of 0.4 per cent HCl in eighteen experiments 
produced no modification on sixteen occasions, but in two trials resulted in a 
slight rise in tone of the antrum, sphincter and bulb; 10 cc. quantities of 
0.4 per cent HCl used in eight experiments produced no effect on five occasions 
and slightly augmented the tonus of the antrum and sphincter in three cases. 
The results of these 34 experiments justify the conclusion that under the condi- 
tions here employed, hydrochloric acid in the antrum certainly does not relax 
the pyloric sphincter and usually was without any effect on the sphincter region. 

Acid in the duodenum. Inamanner similar to that described above, injections 
into the duodenum were made through a tube terminating in the first portion of 
the lower third of the duodenum. The sole effect from the introduction of 
10 ee. quantities of 0.2 per cent HCl in eight experiments was a depression of the 
motility and tone of the antrum, sphincter and bulb. A preliminary period of 
stimulation did not obtain. The latent period averaged 1.5 minutes in the 
antrum, two minutes in the sphincter and four minutes in the bulb. The 
inhibition persisted for an average of 6 minutes in the antrum, 3 minutes in the 
sphincter and two minutes in the bulb. The record from the mid-duodenum, 
just proximal to the site of acid injection showed a moderately augmented tone 
and motility during the last minute of the acid administration period and subse- 
quently a two minute period of inhibition. 

An attempt to simulate the manner in which hydrochloric acid might enter 
the duodenum under physiological conditions was made on five occasions. 
Hydrochlorie acid in 2 to 3 ce. quantities of 0.2 per cent HCl] was repeatedly 
introduced into the distal duodenum at 3 to 5 minute intervals. Each injection 
of acid produced a moderate depression of the antrum and sphincter, but mo- 
tilitv in the bulb and mid-duodenum usually were unaltered. A much more 
profound inhibition of the entire sphincter region followed the administration 
of similar volumes of oleie acid (fig. 2). 

The results obtained from the introduction of 10 ec. quantities of 0.4 per cent 
HCl into the distal duodenum (11 expts.) were similar to but more marked than 
those deseribed above from the same volume of 0.2 per cent HCl. The inhibi- 
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tion developed in the antrum, sphincter and bulb in 2, 3 and 4 minutes an 
persisted in these regions for 11, 8 and 4 minutes respectively (fig. | 
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Fig. 1. Tandem balloon—water manometer record—taken IS hours post cibum. At 
administered 10 ec. 0.4 per cent hydrochloric acid into the distal duodenum 


Fig. 2. Tandem balloon—water manometer record—taken 18 hours post cibum In 


jected into distal duodenum at A, 5 ce. 0.2 per cent HC]; at B,3 ee. 0.2 per cent HC! 
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,2cee.5 per cent oleic acid; at D,38ee 5 per cent oleie acid 


Fig. 3. Animal fed corn meal mush and BaSO,. At A, 10 ce. 0.4 per cent hydrochlori 


acid was administered into the proximal duodenum. Records made by fluoroscopic obser 


vations, optical manometers and miniature sphincter balloon (downward movement 0 
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slight, transient augmentation of tone and motility in the sphincter region during 
the later portion of the administration period preceded the period of inhibition 
on three occasions. 

Thus, direct evidence shows that under the conditions of these experiments 
the presence of HCl in the distal duodenum inhibits the entire sphincter region 
This would indicate that the retardation of gastric evacuation produced by 
hydrochloric acid is primarily due to suppression of the antrum and not to any 
important involvement of the sphincter and bulb. 

Boldyvreff (7) and many others have noted a regurgitation of duodenal con- 
tents related to the presence of acid in the sphincter region. Our observation 
that acid in the duodenum produced an inhibition which was most pronounced 
in the antrum and became progressively less marked in the more distal struc 
tures would suggest this regurgitation resulted from a reversal of pressure 
gradient so the bulbar pressure exceeded the antral pressure. The intermedia- 
tion of reversed peristalsis would not be essential to this regurgitation. Anti- 
peristalsis may further be ruled from participation in this phenomenon since 
when it is present it is definitely recognized by our experimental method, but in 
these studies no indication of such reversed motility was encountered. 

Optical manometer-fluoroscopic studies were undertaken to determine the in- 
fluence of hydrochloric acid administration on the pressures developed in the 
antrum and bulb and the process of gastric evacuation. These studies should 
also serve to check on certain inferences drawn from the first portion of this 
investigation. In the analysis made by Werle, Brody, Ligon, Read and Quig- 
ley (8), gastric emptying was shown to occur in evcles, during phase A; the last 
portion of the period antral basal pressure exceeded bulbar basal pressure, and 
during phase B, the first portion of the antral phasic pressure wave. We re- 
corded these pressures from open tip tubes placed 18 mm. apart, one in the 
antrum and one in the duodenal bulb. The optical manometer technic described 
by Brody, Werle, Meschan and Quigley (9) was employed in normal trained 
dogs during both the fasting and fed state. In some additional experiments the 
pvlorie sphincter activity was studied simultaneously with the pressure registra- 
tion by placing a tiny balloon (83 x 8 mm.) in the sphincter lumen, and likewise 
arranging for registration by an optical manometer. In the fed animals, rapidly 
repeated fluoroscopic observations were combined with the pressure registrations. 

Animals 18 hours post-cibum. In 15 experiments, 10 ec. of either 0.2 or 04 
per cent HCl was injected into the duodenal bulb immediately distal to the 
sphincter, i.e., in the region where gastric contents normally first encounter the 
duodenal mucosa. This produced a cessation of phasie pressure waves in the 
entire sphincter region. The antral inhibition started 10 to 30 seconds after 
beginning the injection and persisted for 1 to 4 minutes, the bulb was inhibited 
for 40 to 110 seconds and the sphincter (records made only in 8 cases) for 60 to 
140 seconds. The antral basal pressure fell more than the bulbar basal pressure, 
thus the conditions for gastrie evacuation terminated, since both phases A and B 
were suppressed. In two experiments, chiefly those involving the injection of 


0.4 per cent HCl, a verv transient excitation consisting of 3 to 4 rapid and 
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vigorous antral pressure waves preceded the inhibition phase and in eight trials 
. similar excitation of the bulb began 5 to 10 seconds after the injection started 
ind persisted for 10 to 30 seconds. Control injections of 10 ec. of Ringer’s 
solution into the bulb sometimes produced a similar but much more moderate 
stimulation of the sphincter region, but without the subsequent inhibition. 

Fed animals. In a series of 18 experiments similar to those just deseribed, 
the animals were fed through the gastrie cannula 500 ce. of corn meal mush 
containing 80 grams BaSQO,y. While fluoroscopic observations showed that 
active gastric evacuation was in progress, 10 ce. quantities of either 0.2 or 0.4 
per cent HCI was injected into the proximal duodenum, figure 3. Antral pressure 
waves were completely abolished for 1-3 minutes and no antral peristaltic waves 
were visible fluoroscopically. Gastric evacuation ceased with the last antral 
peristaltic wave and the last antral phasic pressure wave. Inhibition of the 
bulb and sphincter was also the usual effect. The duration of this inhibition 
was approximately 120 seconds in the antrum and 90 to 70 seconds in the 
sphincter and bulb. A preliminary excitation of the antrum, sphineter and 
bulb occasionally preceded the inhibition, but was less frequently seen, was of 
shorter duration and more moderate in degree in fed than in fasting animals. 
As antral contractions and phasic pressure waves returned (re-establishment of 
evacuation phases A and B), gastric evacuation returned to normal after the 
second or third wave. 

In order to determine the effect of the presence of hydrochloric acid in the 
more distal portions of the duodenum and also to prevent the acid being diluted 
and flushed away by the material discharged from the stomach into the upper 
duodenum, a series of 23 experiments was performed. The animals were fed 
the standard meal mentioned above and the acid was introduced into the distal 
duodenum. Constant slight suction was applied to the duodenal cannula in an 
attempt to collect all the material accumulating in the upper duodenum. This 
collection was facilitated by an inflated balloon placed in the duodenum just 
distal to the pancreatic duct papilla so as to interfere with the passage of proximal 
duodenal contents. 

The administration of 10 ce. of 0.2 or 0.4 per cent HCI into the distal duo- 
denum produced within 10 to 30 seconds, after beginning the injection, complete 
antral inhibition. Antral peristaltic waves, bulbar contractions, antral and 
bulbar pressure waves, antral and bulbar phasie pressure waves and the positive 
antral phasie gradients, particularly evacuation phases A and B, were absent 
for 1-5 minutes. Gastrie evacuation ceased with the last antral wave and 
returned 10-15 seconds after the reappearance of the first antral pressure wave 
The inhibition of the bulbar activity always began slightly later and the re 
covery began slightly earlier than the corresponding antral change An aug 
mentation of bulbar activity did not result from acid introduced into the distal 
duodenum of fed animals. Sphincter activity was studied in nine experiment 
by the miniature balloon method and in all cases a sphineter inhibition closely 
resembling that obtaining in the antrum was observed; stimulation of the 
sphincter did not occur. During the brief interval during which the antral 
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pressure dropped below bulbar level, i.e., while a negative antral-bulbar pressu 
gradient prevailed, a small portion of bulbar contents could be fluoroscopica!! 
seen returning to the antrum. It should be emphasized that it is acid in t!} 
duodenum rather than in the stomach, which induces the conditions leading 1 
duodenal regurgitation. The emphasis has previously been incorrectly plac: 
on acid present in the stomach. 

Discussion. The results of our direct studies disagree with the popula 
interpretations placed on the results obtained by more indirect methods. Unde: 
the experimental conditions of our experiments, moderate quantities of hydro- 
chlorie acid in the stomach have been shown to exercise no specific control on the 
pyloric sphincter or the immediately adjacent portions of the gut. Usually it 
had no effect, it never produced inhibition, but occasionally it led to a slight 
augmentation of motility as any other indifferent substance might do. 

Primarily, hydrochloric acid in the duodenum inhibited the entire pyloric 
sphincter region. This inhibition was most marked in the pyloric antrum and 
progressively decreased in degree in more distal regions, but was still demon- 
strable in the third portion of the duodenum. Hydrochloric acid placed in the 
bulb was slightly more effective than when injected into the lower duodenum 
and the animals were more susceptible when fasting than after feeding. 

It was indicated on theoretical grounds and subsequently demonstrated ex- 
perimentally, that hydrochloric acid in the duodenum retarded gastric evacua- 
tion by inhibiting the motility (‘pumping”’ action) of the antrum. The period 
of suppressed gastric emptying began with the disappearance of antral peri- 
staltic waves, antral pressure waves and evacuation phases A and B and returned 
with their re-establishment. Gastric emptying ceased despite a simultaneous 
inhibition of the pyloric sphincter. The inhibition of the duodenum was less 
marked in degree and duration than the proximal structures. 

While acid was being injected into the duodenum, a transient increase in the 
activity of the sphincter region sometimes developed. This was produced 
chiefly by strong acid present high in the duodenum. Since it frequently was 
absent, or was of moderate degree and magnitude, it appeared to be an action of 
secondary importance and it probably was in the nature of a defense response. 
Since it was most marked in the sphincter and bulb it would be effective in 
expelling the irritant from the upper duodenum, on certain occasions preventing 
its return into the stomach, or with slightly different conditions as mentioned 
above, resulting in regurgitation. Under similar conditions we have obtained 
the same type of reaction to the presence in the upper duodenum of fats, or less 
frequently, of Ringer’s solution. 

Our results and conclusions differ from those of Thomas et al., especially in 
respect to this preliminary augmentation period, for in our studies it was much 
less frequent or of shorter duration and in general appeared to be of less signifi- 
cance. We are both of the opinion that under physiological conditions, hydro- 
chloric acid exerts only a moderate regulatory influence on the process of gastric 
evacuation in comparison to many other naturally occurring factors and that the 
influence exerted by hydrochloric acid arises primarily from antral inhibition 


due to acid in the duodenum. 
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SUMMARY 


Employing direct observational methods, we obtained evidence that hydro- 
hlorie acid in the stomach exerts little or no physiological action on the moto 
ictivities and the pressure changes in the pyloric sphincter region or on the 
process of gastric evacuation. 

Hydrochloric acid in the duodenum is moderately effective in suppressing the 
pvloric antrum and thus retards gastric evacuation. The pyloric sphincter and 
the upper duodenum are also inhibited, but this is of slight importance in the 
evacuation process, although some duodenal regurgitation may result from the 
more complete inhibition of the antrum than of the duodenal bulb. Acid in the 
duodenum may produce a preliminary augmentation of motility in the sphinctet 
region, but in our experience this is of minor importance since it Was rare, 
transient and moderate in degree. 
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That anoxia delays gastric emptying has been demonstrated by Van Lier 
et al. in dogs (5) and in human subjects (6). Whether or not this delay would 
persist if the animals were exposed to continuous or discontinuous anoxia, as far 
as we know, has never been studied. Such a problem is of timely interest 
That gastric disturbances occur often in people who ascend to high altitudes is 
commonly known. 

The generally recognized adaptations to anoxia are: the increase in the total 
ventilation of the lungs; the fall in alveolar carbon dioxide tension with the 
concomitant rise in alveolar oxygen tension and increase in blood alkalinity 
which is kept within bounds by excretion of alkalies by the kidney; the increases 
in the number of erythrocytes and in percentage of hemoglobin; and the in- 
creased cardiae output. These changes may be regarded as compensatory 
mechanisms, and their appearance cannot be accepted as evidence of complete 
acclimatization unless it can be ascertained whether or not they are adequate to 
meet the severity of the anoxia encountered. Obviously more fundamental 
criteria of acclimatization are needed which would be measures of bodily fune- 
tion and thus serve as indices of the adequacy of the adjustments. The present 
study was undertaken in order to determine the extent to which the stomach is 
involved in the adjustment to oxvgen want. 

Merruops. Normal gastric emptying time was determined fluoroscopically 
on five dogs following a meal of 10 grams dried bread, 20 grams ground lean 
beef and 50 ec. skim milk to which 15 grams barium sulfate were added. These 
values were controlled by keeping the dogs, after the meal, in the low pressure 
chamber (at normal atmospheric pressure) in which they were later exposed to 
lowered oxygen tensions. The weights of the dogs were maintained constant by 
feeding them a supplementary meal. They were in the same environment 
throughout the duration of the experiments except when in use. 

The dogs were then exposed daily (except Sundays) to diminished oxygen 
tensions in a low pressure chamber (4). The length of the daily exposure was 
about 8 hours. The oxygen tension to which the dogs were first exposed was 100 
mm. Hg (12,000 ft.). They were exposed to this tension until their gastric 
emptying time was normal. Dogs 1, 4 and 5 were then exposed to an oxygen 
tension of 86 mm. Hg (16,000 ft.) until attainment of normal gastric emptying 
time as before. Finally all the dogs were exposed to an oxygen tension of 80 
mm. Hg (18,000 ft.), and except for dog 1 this was continued for about sixteen 
weeks. 
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At the end of this time the oxygen tension to which each dog appeared ac 


climatized (as judged by gastric emptying time) was determined. The gastric 
emptying time of each dog at that oxygen tension was then determined periodi 


cally (at approximately 10 day intervals) until normal gastric emptying value 
were no longer found after two or three trials 


Time - 


Fig. 1. Aeclimatization to discontinuous exposure to anoxia 


Throughout the study hemoglobin and red blood cell values were determined 
periodically. 

Resuuts. The influence of discontinuous exposure to the three grades of 
diminished oxygen tension upon the gastric emptying time of three of the dogs 
is shown in figure 1. The results on the other two dogs were essentially similat 
but in order to save space the graphs are not shown. At LOO mm. O, the average 
delay (based on the greatest single delay in each dog) in gastrie emptying in 


four dogs was about 35 per cent. The gastric emptying time of dogs 4 and 5 was 
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not affected as greatly by the anoxia as that of dogs 2 and 3. For this reason 
the quicker return to normal of dogs 4 and 5 was not unexpected. In dog 5 this 
apparently occurred near the beginning of the third week and in dog 4 somewhat 
later. This point was not reached in dogs 2 and 3 before the beginning of the 
eighth week. 

At 86 mm. ©, three dogs showed an average delay in gastric emptying of 
about 40 per cent. The return to normal occurred during the third week fo: 
dog 1 and during the fourth week for the other two dogs. For the next 30 days 
dog 1, exposed to this degree of anoxia periodically, showed less than norma! 
emptying time on each trial. 

An average delay in gastric emptving of about 60 per cent was obtained when 
the five dogs were exposed to an oxygen tension of 80mm. O.. The graphs show 
that upon daily exposure to this tension the gastric emptying time approached 
the normal. In dog 1 the normal was definitely reached during the third week. 
In the other dogs the normal was approached and in dog 4 temporarily reached, 
but subsequent results (not shown on the graphs) showed that it was not con- 
sistently maintained. 

The retention of normal emptying time during anoxia after cessation of the 
period of daily exposure to the lowered oxygen tensions was quite variable, being 
over six months for dog 1 and less than a week for dogs 2 and 4. 

Discussion. That prolonged exposure to reduced oxygen tensions should 
result in adaptations whereby gastric emptying time is returned to the normal 
is not unexpected. In a personal communication to one of us (V. L.) Kerwin, 
without giving the details of his method, stated that in a series of fluoroscopic 
observations made on acclimatized residents of La Oroya, Peru, no delay in 
gastric emptying was noted. This is not surprising, because we found that our 
animals became reasonably well adapted in a relatively short time even though 
they were exposed to anoxic anoxia somewhat less than a third of the time. 

Since it has been shown that the effects of anoxia on gastric emptying in dogs 
and human subjects are practically similar, one may apply, tentatively at least, 
the present results to men who are exposed to anoxia, such as aviators. In this 
connection it should be remembered that considerable individual variation in 
the ability to acclimatize exists. 

The reason for the delay in gastric emptying produced by anoxia is not fully 
understood. Crisler and Van Liere (2) concluded that at moderate degrees of 
anoxia the cause of the delay is on a vagospastie-pylorospastic basis, and at 
greater degrees of anoxia there is further delay caused by the oxvgen want 
directly affecting the gastric musculature. It is possible that other mechanisms 
producing delay may also be present. Thus the delay may be due to the effect 
of the anoxia upon the stomach itself or upon the complex of regulatory mecha- 
nisms to which the stomach is subject or to both. The return of gastric empty- 
ing to the normal during discontinuous anoxia as reported here means that an 
adaptation had taken place which was at least adequate for that phase of gastric 
function. In other words the thoroughness of the acclimatization has been 
measured by the return of normal function rather than by the extent of the 
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compensatory mechanisms. For this reason gastric emptying time may be 
considered as a fairly good objective measure of acclimatization. 

It is of interest to consider the effect of the discontinuous anoxia on the hemo 
globin and erythrocytes. There was a gradual rise in these values during the 
course of the experiments, and at the end of 24 weeks when the regular exposure 
to anoxia was terminated the average increase in four dogs was 74 per cent for 
hemoglobin and 84 per cent for erythrocytes. [If one uses (as is generally done 
these values as criteria in the experiments reported here, there is evident a pro- 
nounced degree of acclimatization. 

Campbell (1) concluded on the basis of the pathologic changes as well as the 
physical fitness of his experimental animals that 20,000 ft. represented the 
ceiling for processes of acclimatization. For human beings McFarland et al 
(3) cites evidence for a similar conclusion. The authors feel that the refractory 
results at 80 mm. O» (18,000 ft.) might be due to the nearness to the limit bevond 
which acclimatization is impossible. 


SUMMARY 


The gastric emptying time of five dogs after a standard meal has been deter- 
mined during discontinuous exposure to reduced oxygen tensions (100, 86 and 
80 mm. Hg corresponding respectively to simulated altitudes: 12,000, 16,000 
and 18,000 ft.). The usual delay in gastric emptying produced by anoxia has 
been found to be gradually reduced in every case. The return to normal gastric 
emptying time has been complete under these conditions at 100 mm. Os in 4 
dogs and at 86 mm. QO. in 3 dogs. At 80 mm. O. but one dog of the five has 
shown complete return to normal gastric emptying time. 

Considerable individual variation (from 3 to 8 weeks) has been found in the 
time for complete return to normal gastric emptying. The persistence of this 
adaptation to anoxia after the periods of discontinuous exposure had been ended 
has been from less than a week to over six months. 

Since gastric emptying time, as an index of function, may indicate the ade 
quacy of the adjustment of the compensatory mechanisms during anoxia, it has 
heen suggested that it may be regarded as another criterion of acclimatization. 


The authors wish to acknowledge gratefully the assistance of Dr. Paul E. 
Vaughan during five weeks of this study. 
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Evidence is presented below that iron can be recovered from the fetus within 
less than one hour after this same iron has been given orally to a pregnant 
woman. Such expeditious transfer speaks for a speedier mechanism than would 
probably obtain if this iron were first firmly incorporated in the hemoglobin 
molecule of the maternal red blood cell. With the discovery of radio isotopes, 
a sensitive method has been made available whereby it is possible to trace 
labeled particles of iron? in their journeys about the body, and to find them 
finally in their depots. The average requirement of iron for pregnancy is 
about 0.5 gram (7). Iron is required for the generation of fetal hemoglobin. 
Furthermore, large amounts of iron are stored in the fetal liver and other organs 
for subsequent use. Bunge (1) found that the liver of the rabbit at birth con- 
tains about 18 mgm. of iron per 100 grams of body weight, and only a corre- 
sponding 3.2 mgm. on the 24th day afterwards. This endowment of iron with 
which the voung is born constitutes a reserve which may be drawn upon later 
to compensate for the meager supply of iron in milk. 

While blood constitutes about 7 per cent of the body weight, it contains 
about 60 per cent of the body iron. It would, therefore, seem a natural inference 
that whatever the immediate precursor of the fetal iron, a probable source is 
the iron in the maternal circulation. Another likely source is the iron reserve 
of the mother, notably in the liver. Diminution of the iron reserve in the 
spleen during pregnaney has been demonstrated by Charrin (2). The impor- 
tance of the iron content of the mother’s diet has been emphasized by Mar- 
shall (5) who noted that when the mother’s diet is rich in iron, the fetus will 
store more iron than when the diet is poor in iron. 

The precise manner of transfer of iron from mother to fetus still awaits demon- 
stration. From early pregnancy to term, vessels in the villi bring fetal blood 
into close proximity to a liberal supply of iron, 7.e., the decidual pools. While 
it might be difficult to conceive that the barriers presented by the walls of the 
blood vessels and adjacent tissues would permit the passage of red blood cell 
encapsulated iron from mother to child, this close proximity would appear to 
meet the requirements of an osmotic connection. Tips of the villi may actually 
project into the maternal blood vessels. Stander (9) states that the fetus takes 
up iron from degenerated maternal ervthroevtes through the syneytial covering 
of the villi. Scholten and Veit (8) observed that the chorionic villi are quite 

We are indebted to the Eli Lilly Company for aid in conducting this work 
We are indebted to the Radiation Laboratory at Berkeley, and in particular to Drs 


E. O. Lawrence and M. D. Kamen for the radioactive iron used in these experiments 
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apable of dissolving erythrocytes of the circulating blood just as dissolution 
of erythrocytes can be produced by placental extracts. Furthermore, Marshall 
presents evidence that in certain ungulates the trophoblast can ingest not only 
hemoglobin but red blood cells as well, and states that iron-containing granules 
have been observed in all trophoblasts examined, including that of the early 
ovum of Peters. In addition he refers to the work of Bonet who observed on 
the surface of villi “perfect and damaged erythrocytes in all states of degen 
eration, clumping and dissolution.”” Recently Kropp (4), using microincinera 
tion methods, noted that the decidual and connective tissue cells contain more 
iron than either the amniotie or chorionic epithelium. 

Mertruop. The radio-active iron used in these studies was prepared by the 
method described by Wilson and Kamen (10) at the Radiation Laboratory of 
the University of California. A measured quantity of the iron solution in wate1 
or fruit juice diluent was administered orally to women at selected times prior 
to the termination of their pregnancy. Intervals of from less than an hour to 
several days elapsed between the time of administration of the iron and delivery 
because of the natural impossibility of predicting accurately the delivery time 
save in those instances when therapeutic abortion or cesarean section was 
scheduled for a precise hour. At the time of delivery or operation a& specimen 
of the fetal blood from the umbilical vein was collected in an oxalated hematocrit 
tube. A corresponding specimen of the maternal blood was obtained by vene 
puncture at the same time. Ten cubic centimeters of blood were ample for 
analysis. 

The fetuses which were obtained intact by hysterotomy as the result. of 
therapeutic abortion were dissected for determination of radio-active iron in 
the different tissues. No attempt was made to perfuse these tissues because ot 
technical difficulties. Methods for preparation and purification of material 
for isotope estimation have been described elsewhere (3 

EXPERIMENTAL OBSERVATIONS AND DiscussION. In table 1 are listed the 
concentrations of blood cell labeled iron following feeding single doses of thi 
radio-active iron to women at various stages of gestation and at variable lengths 
of time prior to termination of pregnancy. The dosage level of the isotopic 
iron covered a range of about 1 to 122 mgm., the amount given being governed 
largely by the quantity available at the time of feeding. In any event, in these 
studies we were more concerned with the ratios of the isotope in the blood of the 
mother and fetus and with the relative distribution of the isotope in any one 
fetus, rather than the total absorption and utilization 

Examination of table 1 indicates that some radio-active iron which had been 
fed the mother was recovered in every instance from the blood of the fetus 
The fetuses ranged in age from three months to term. With but one exception 
(no. 7), for which no explanation is available, the isotope was recovered from 
the maternal circulation at the time of delivery. The data, however, do not 
reveal any correlation between dosage and recovery of the iron. Other factor 
must determine uptake of this element. 

If it is true that absorption of iron is conditioned by its need, and the evi 
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dence at hand bears this out, then one might well expect that a woman, whos 
physiology must adapt itself to the needs of reproductive function, will attac! 
iron when this becomes available. In one respect, woman’s metabolism o| 
iron differs from that of man—she must replace the iron lost at menstruation 
While this may not result in anemia, it might, nevertheless, reduce her iro: 
reserve. Furthermore, the need for iron would appear to be particularly acute 
in the event of anemia in pregnancy. Additional absorption and utilizatior 
of newly proffered iron would be expected to occur, even in the absence of 
anemia during pregnancy, in order to provide for iron storage in the fetus. Such 
storage of iron is of major importance in the nutrition of the new born, inasmuch 


TABLE 1 


Radio iron in maternal and fetal red blood cells following ingestion by mother 


RADIO IRON IN RED BLOOD CELLS 


AT DELIVERY. PER CENT OF 
DELIVERY 
Maternal Fetal 
mem. months 

1 CPD 53 5 days 0.015 0.082 3 
2° (J.¥'.) 122 2 days 0.046 0.37 

J.F.) 122 2 days 0.046 0.51 } 
3 (M.L.) 62 2 days 0.0S 0.37 13 
16 2 days 0.16 0.16 
5 (J.T.) 122 36 hrs. 0.573 0.030 64 
6 (L.BK.) 64 10 days 0.25 0.35 9 
7 (M.H.) 12 5 days 0.0 0.2+ 9 
8 (M.R.) $2 + days 0.164 0.024 9 
9 (A.E.) 32 3 days 0.013+ 0.036 ) 
10 0.9 33 hrs O.11+ 0.05+ 
11 V.T.) 62 S hrs Q.024+ 0.0}4+ 9 
i2 (E.A.) 1.9 2 hrs 0.035 0.037 
13 14 110 min. 0.074 9 
14 (S.B 20 10 min 0.01+ Trace 9 


* Twin pregnancy 


as the period during which milk is an adequate diet for the average new born 
infant is limited by the duration of the reserve of iron. 

As a general rule, the fetal red blood cell hematocrit at term is greater than 
that of the mother. Table 2 bears this out. In early pregnancy, however, 
the reverse situation apparently prevails, as illustrated in cases 1 to 5 inclusive. 
Granting that our limited data permit only speculation, it is of interest never- 
theless that an inverse relationship seems to exist between the hematocrit and 
the content of radio-active iron recoverable from the red blood cells. Thus in 
early pregnancy the fetal red blood cells took on proportionately much more 
radio-active iron than did the maternal red blood cells. 

The significance of this observation is, however, qualified by the fact that 


in the majority of the eases reported the blood radio-iron measurements were 
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ade earlier than four days after feeding, too early for the maximum synthesi 

labeled hemoglobin to have occurred. ‘Therefore, these ratios may also pat 
tially mirror the relative rates of hemoglobin synthesis in mother and fetus 
\lso, the red cell volume of the fetus increases during gestation so that equa! 
nerements of labeled red blood cells represent progressively decreasing ratios 
ff labeled blood cells to total blood cells in the fetus. 

Since depletion of iron reserves has been shown to be a major factor in govern 
ing the absorption of this element, it is not surprising that in late pregnanc) 
the mother utilizes increasing amounts of iron made available through diet 

Patients (cases 1 to 5 inclusive, table 3) who for various reasons wer 


ected to therapeutic abortion were fed single doses of the isotopic iron Imime 


TABLE 2 
mparison of the radio iron content of fetal and maternal red blood cell h the 


cell hematocrits 


RADIO IRON IN CELLS PER CENT RED BLé D CELI 
ASE OF AMOUNT FED PER 100) MI HEMAT RI I RATION 
RATIO: FETAL/MATERNAI RATI FETAL; MATERNAT 

= 
] 5.5 0.71 
3 1.6 0.93 
1.0 1.38 
5 0.05 1.15 6 
6 1.4 2.42 
1.39 
0.45 Q.S7 
1] 2.3 1.63 ) 
1.06 1.09 
13 1.9] } 
14 1.49 4 


* Cases 2a and 2b were twins 


diately following operation samples of the maternal blood and cord blood were 
taken. In the smaller fetuses it was not practicable to study distribution in th 
various tissues due to the size of the specimens. In such instances, the whol 
fetus or such discrete parts as were conveniently dissectable were ashed. No 
attempt was made to perfuse the tissues, and it is admitted that an undeter 
mined amount of blood remained in the tissue. Inasmuch as there is a tendene: 
to concentrate iron in the red cells when hematopoiesis is actively taking place 
some not insignificant amounts of the isotope are probably ascribed to certain 
tissues, whereas they actually belong to the contained blood. Since values for 
the blood or red cell volumes in the fetus are not available, we were unable to 
estimate the fraction in the circulation. In each instance the fetal blood 
obtained from the cord. 
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It is to be noted that as gestation progresses the total accumulation of t! 
radio-active iron in the fetus increases. 


The series is too small to attempt 
say at what stage the greatest rate of iron uptake occurs, but it is quite like! 


from inspection of the data that most of the uptake occurs during the seco 


and third trimester. 


\side from the concentration of the isotope in the red cells, it is quite evide: 
that the only other tissue which is consistently high in isotope is the live 
Since a large part of the hematopoietic tissue in the fetal organism is locate 


Distribution of radio ir 


Age 


Radio iron fed mother, mgm 


of fetus, mo 


Interval detween feeding and 


livery, days 
Radio 


cent 


red 


amount 


blood 


cells 
100 


ron 
ot 
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Fetal 


In 


per 


Radio iron Per cent of 


recovered from tissues 
Liver 

Spleen 

Kidneys 
Gastro-enterie tract 
Chymus gland 

Heart 
Visee ra 
Head, 


Residue of 


excluding above) 

entire 

fetus excluding 
named tissues 

Amniotic fluid 

Total 

* Cases 3 and 4 are twins 


+ Entire fetus 


t Incomplete analysis 


here, this is not surprising. 


mein 


amount 


excluding red blood cells) 


TABLE 3 
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It is interesting, nevertheless, since this same organ 


is the main seat of iron deposition following iron feeding in the adult, even 


though hematopoiesis is most active in the bone marrow in the adult. 


The speed with which the radio iron appears in the fetal circulation is clearly 


illustrated in table 4. 


time as 15 minutes following feeding to an iron depleted animal. 


Radio iron can be demonstrated in the plasma in as little 


Radio iron 
has been demonstrated in the red cells as hemoglobin in as little as 5 hours (6). 


However, in the present study, iron, following absorption, had to be transported 


in the maternal circulation to the placenta where through some mechanism it 


1 5 \ 7 
2 5 7 
16 53 16 
» 
i 5 2 
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inally reached the fetal cireulation. Here we note that minute but measurabl 
mounts of this isotope can be demonstrated in the fetal circulation in transport 
in the plasma in as little time as 40 minutes atter feeding the mother. The 
three Cases shown in table 1, it will be noted, received rather small dose s of the 
isotope because under these conditions the highest percentage absorption takes 
place. It is also essential that the radio iron used have a high specific activity 
in order to permit one to detect the extremely small increments of circulating 
iron. The quantities of iron determined may be appreciated when one con- 
siders that*the plasma radio iron level in case 1, table 4, is of the order of 4 
micrograms per 100 ml. of fetal plasma, the amount of plasma actually being 
studied amounting to only 8 ml. In case 3, table 4, the amount of radio iron 
appearing in the red cells of the mother and infant was of the order of 1 micro 
gram per 100 ml. of red cells, and here only about 3 mi. of cells were actually 
used in measurements. It is obvious that chemical methods could hardly be 
expected to show such minute changes regardless of the degree of accuracy 
attained. 


TABLE 4 


Showing rapidity of appearance of radio iron in fetal plasma 


RADIO IRON RECOVERED PER CENT 


RADIO IRON OF AMOUNT FED PER 100 ML. PLASMA sarc . : 
FED MOTHER 
Maternal Fetal 
mom min 
1 (S.B.) 20 0.13 0.026 10 
2 (M.C.) 14 0.28 0.18 110 
3 (H.A.) 1.9 0.27 0.17 120 


It seems quite improbable that the only route of transmission of iron from 
the mother to the fetus must be through the complicated chain of events 
expressed in most texts, ¢.e., maternal plasma iron to red cell iron, passing of the 
latter to the placenta, destruction of the red cell with liberation of the con- 
tained hemoglobin iron, absorption, and finally elaboration of the iron into 
hemoglobin of the fetal blood cells. It seems doubttul if the radio iron would 
follow all these steps before it appears in the fetal plasma in as little time as 
10 minutes following feeding of the mother. It seems more improbable that in 
two hours’ time these many reactions plus hemoglobin formation occur along 
with appearance of isotope in the red cells of the fetus. It would appear, there 
fore, that at least some iron reaching the fetus does not have as its immediate 
percursor the iron contained in the hemoglobin of the maternal red biood cells. 


SUMMARY 


1. Radio-active iron when fed in single doses to women near termination of 
pregnancy appears rapidly in the fetal circulation, definitely measurable amounts 
being present in 40 minutes. The speed of transfer suggests that plasma rather 
than the red blood cell is the vehicle. 
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2. Distribution of radio iron in fetal tissues following feeding of the moth: 
and subsequent therapeutic abortion shows a wide dissemination of the isoto] 
with the greatest conc ntration in the red blood cells. Of other tissues studied 
the liver contained the greatest quantity. 


3. In early pregnancy the fetal hematocrit on comparison with that of the 


mother is low. At this time more radio-active iron is proportionately present 


in the fetal red cells following feeding of a single dose to the mother. The 


converse applies in late pregnancy. The relationship of iron uptake to thi 
needs of the organism for iron is discussed. : 
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Holtz and Sehreiber (1) first demonstrated that, from the products formed by 
the irradiation of ergosterol, a ‘‘caleinosis factor’ could be separated which 
was not antirachitic but would produce a hypercalcemia when administered to 
normal or parathyroidectomized animals. Further studies indicated that the 
sterol most potent in elevating the serum calcium was dihydrotachysterol, which 
has been isolated and its chemical structure determined (2). Albright, Bloom 
berg, Drake and Sulkowitch (3) studied the physiological properties of dihydre 
tachysterol and vitamin D and suggested that they differ in their effects upon 
rate of renal excretion of phosphate. Shohl and Farber (4) and Correll 
and Wise (5) have reported that the solution of dihydrotachysterol known 
\.T. 10 has slight antirachitie activity in the rat and chick respectively 
We have previously studied the effect of vitamin D on the renal exeretion of 


phosphate (6). Under standard conditions there is a maximal rate of tubular 
reabsorption of phosphate. Phosphate appears in the urine when the rate at 
which this ion is filtered through the glomeruli exceeds the maximum capacity 
of the tubules to reabsorb phosphate. In this respect the tubular reabsorption 


of phosphate is analogous to that of glucose and certain other organie solutes (7 


Shannon and Fisher (8) have termed the maximum capacity of the tubules to 


reabsorb glucose the glucose Tm. The similar property with respect to phos 
phate may be called the phosphate Tm. The concentration of phosphate in 
the plasma at equilibrium shows a close correlation with the phosphate ‘Tm 
Vitamin D was found to inerease the phosphate Tm, thus increasing the con 
centration of phosphate in the plasma, and this was thought to be one of th 
mechanisms of the antirachitie action of vitamin D. As a logical extension of 
this investigation, we undertook to determine the effect of dihydrotachysterol 
upon the rate of renal tubular reabsorption of phosphate 
EXPERIMENTAL PROCEDURE AND RESULTS. Female mongrel pu 


pul} 
months of age, were fed a modification of the low-caleium, vitamin 1)-free diet 


pric two 


described by Morgan (9). The intakes of calcium and phosphorus were 135 
and 365 mgm. per day, respectively. The diets were adequate for growth of 
the animals. After the dogs had received this diet for two to three month 

definite evidences of vitamin D deficieney were present as indicated by decreased 
concentrations of both caletum and phosphorus in the serum and roentgenological 
evidence of rachitie changes in the bones. Repeated determination Wwe then 
made of the renal clearances of creatinine and phosphate following an intra 
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venous injection of phosphate according to the technique previously describe: 
6). From these data the maximum rate of reabsorption of phosphate by thy 
renal tubules was calculated. Following a number of control observation: 
vitamin PD. or dihydrotachysterol was administered and the effect on the phos 
phate Tm and on the concentrations of caletum and phosphorus in the seru 
studied. The vitamin Ds was given as a solution of irradiated ergosterol it 
oil, assayed upon rats. The concentration of vitamin Ds. was caleulated on the 
basis of 40,000 units per milligram of pure vitamin.' The dihydrotachystero] 
was supplied in the form of the commercial preparation formerly known as 
A.T. 10. This solution is said to contain 0.5 per cent sterol but its potency is 
equivalent to only 1.25 mgm. crvstalline dihydrotachysterol per cubic centi 
meter of solution. 

The experimental results are shown diagrammatically in figures 1 to 7. The 
concentrations of ealetum and phosphorus in the serum, determined in the post 
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Fig. 1. Dog A—age 5 mos. Low calcium, vitamin D free diet 


absorptive state, are shown by the solid squares and hollow circles respectively, 
both expressed as mgm. per 100 ce. serum. The phosphate Tm is indicated by 
the columns and is expressed as milligrams phosphorus reabsorbed per 100 ce. 
of glomerular filtrate formed. This value is equal to the so-called ‘equilibrium 
concentration,” 7.e., the concentration of phosphate in the serum at which the 
rate of filtration of phosphate through the glomeruli is equal to the maximum 
capacity of the tubules to reabsorb phosphate. The time interval in days is 
shown at the bottom of the figure, and the amounts of vitamin D and dihydro- 
tachysterol administered are indicated as milligrams of active sterol per day. 

In figure | are shown the results of the administration first of vitamin D and 
then of dihydrotachysterol to a rachitic dog. Over a period of three days 60,000 
units of vitamin D, equivalent to 1.5 mgm. of active sterol, were given. There 


! We are indebted to Dr. C. FE. Bills of Mead Johnson and Co. who supplied the irradiated 


ergosterol used in these experiments 
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as a prompt increase in phosphate Tm and a corresponding rise in the econ 
entration ot phosphate in the serum, as well as an increase in the concentration 
of caletum. No further vitamin D was given and in about 60 days the serum 
calcium was again decreased to 8 mgm. per 100 ¢¢., and phosphate Tm and the 
serum phosphorus had fallen from the high levels found after the administration 


O} 


of vitamin D. Dihydrotachysterol was then given in doses of eithe: 


2.5 mgm. per day. During a period of three weeks approximately 44 mgm. oi 
dihvdrotachysterol were given with little effect upon the serum calcium except 
after prolonged treatment. The phosphate Tm and the concentration of phos 
phate in the serum remained unchanged. 

In two other experiments, the results of which are shown in figures 2 and 3, 


dihvdrotachysterol was given as soon as the dogs showed clear cut evidences ot 
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Fig. 2. Dog B—age 5 mos Low ealeium, vitamin I) free diet 


Fig. 3. Dog C—age 5 mos. Low calcium, vitamin ID free diet 


Fig. 4. Dog E—age 5 mos. Bread and meat diet 


vitamin D deficiency. An amount of solution equivalent to 54 mgm. of dihydro 
tachysterol was given to dog B (fig. 2) without any demonstrable effect upon 
the serum calcium, which remained at about 8 mgm. per 100 ec. During and 
following the period of treatment the phosphate Tm and the concentration of 
serum phosphate dropped progressively, reaching a low level of about 3 mgm 
per 100 ce. One week after the dihydrotachysterol treatment was stopped, the 
serum calcium fell to 6.8 mgm. per cent. The rapid drop of the serum caleium 
following the cessation of dihydrotachysterol therapy may indicate that this 
sterol did have a slight effect in preventing a decrease in the serum caleium 
during its use. Two weeks following the discontinuance otf dihvdrotachvsterol 
treatment vitamin D was given. After the administration of 7 mgm., the 
concentration of calcium in the serum rose progressively as did the phosphate 
Tm and the serum phosphate. After a total of LO mgm. of vitamin 1D) had been 
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given the serum caleium had returned to the normal level of 10 mgm. per 100 ec 
and the serum phosphate to 6 mgm. per 100 ce. In the case of dog C (fig. 3 
the serum calcium remained low despite the administration of 6.25 mgm. o 
dihydrotachysterol daily for a period of 5 days. However, when treatment w: 
continued for 5 more days, making a total dosage of 62.5 mgm., the serum ¢al 
cium increased to 9.5 mgm. per 100 ce. At the end of-this period of treatment 
the concentration of phosphate in the serum and the rate of renal tubula: 
reabsorption of phosphate were lower than in the pretreatment studies. Seven 
teen days atter the last dose of dihydrotachysterol had been given the dog 
received 2.5 mgm. of vitamin D. There was an immediate rise in the ren: 
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Fig. 6. Dog A—age 18 mos. Bread and meat diet 
Fig. 7. Dog D—age 11 mos Vitamin D free diet 


tubular reabsorption of phosphate and in the concentration of phosphate in the 
serum. A further rise in the concentration of calcium in the serum also occurred, 

In the next group of experiments dihydrotachysterol was administered to 
animals fed diets which contained vitamin D. Several young rapidly growing 
dogs were given a diet of white bread and ground lean beef. This diet supplied 
approximately the same amounts of calcium and phosphorus as the syntheti 
rachitogenic diet previously used. On this diet the dogs showed no evidence 
of vitamin D deficiency and the concentrations of caletum and phosphorus in 
the serum remained within the normal range. In figure 4 are shown the effects 
of dihvdrotachysterol administered to a 5 month old dog who had been fed the 
bread and meat diet since the age of 2 months. Following the administration 
of 27.5 mgm. of dihydrotachysterol the concentration of calcium in the serum 


| 
increased to almost 12 mgm. per 100 ce. but there was a slight decrease in the | 
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rate of renal tubular reabsorption ol phosphate Following the cessation ot 
dihvdrotachysterol treatment the concentration of calcium in the serum returned 
to the pretreatment value in about 2 weeks, but there was a further decrease 
in the phosphate Tm with an associated decrease in the concentration of phos 
phate in the serum to 5.5 mgm. per 100 cc. At this time 10 mgm. of vitamin ID 
were given and there was an immediate rise in phosphate Tm and in the con- 
centration of phosphate in the serum. This would indicate that the bread and 
meat diet was not an adequate source of vitamin 1). 

In figure 5 are shown the results of another experiment on a voung dog fed 
the bread and meat diet since the age of 2months. In this experiment, however 
5000 1.U. of vitamin D were given daily starting 7 days before the administra 
tion of dihydrotachysterol. When dihydrotachysterol was given to this dog 
the renal tubular reabsorption of phosphate and the concentration of phosphate 
in the serum did not decrease, as in the previous experiment, but there was, on 
the contrary, a slight but definite increase which was maintained with continued 
administration of dihydrotachysterol. When the dihyvdrotachysterol was 
stopped, although the animal continued to receive 5000 1.U. of vitamin I) daily, 
the phosphate Tm and the concentration of phosphate in the serum returned to 
the normal pretreatment levels. 

In experiments on two other dogs the results indicate again that the phosphate 
Tm may be increased by the administration of dihydrotachysterol to dogs who 
have previously received vitamin D. In figure 6 are shown the results obtained 
in an adult dog fed a bread and meat diet. The administration of 20 mgm. ot 
vitamin D resulted in the expected increase in phosphate Tm, although in this 
case no appreciable rise in the serum calcium was found. One hundred days 
later when dihydrotachysterol was given there was again a definite increase in 
the phosphate Tm and at this time a marked: hypercalcemia. Similar findings 
for dog D are shown in figure 7. This animal was fed a synthetie vitamin 1D 
free diet. The administration of vitamin D was followed by a marked increase 
in the rate of tubular reabsorption of phosphate and also an increased concen 
tration of calcium in the serum. Again, when dihydrotachysterol was given 
100 days later, although no vitamin D had been given in the interim, there was 
an increase in the rate of tubular reabsorption of phosphate and a rise in the 
serum calcium. In these latter two experiments in the adult animal it is prob 
able that sufficient amounts of vitamin D had been administered in the first 
series of studies so that the vitamin D stores of the body were still adequat: 
100 days later, at which time dihydrotachysterol was given. MeChesney and 
Messer (10) have shown that in normal adult dogs receiving an adequate diet 
containing vitamin D the administration of dihydrotachysterol results in an 
increased concentration of phosphate as well as calcium in the serum, and the 
results are comparable with those obtained atter the administration of large 
doses of vitamin D. 

Discusston. The experimental data indicate that the results of treatment 
with dihvdrotachysterol are markedly different in the dog depleted of vitamin 1D) 


from those in the dog who has had an adequate intake of this vitamu Dih 
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drotachysterol cannot substitute for vitamin D in the rachitic dog, although it 
may have a vitamin D like effect in the normal dog. 

When dilivdrotachysterol is given to a dog who has received adequate amounts 
of vitamin D the phosphate Tm is increased, an effect comparable to that pro- 
duced by an excess of vitamin D. However, in the rachitic dog the adminis 
tration of dihvdrotachysterol results either in no change or in an actual decreas 
in the phosphate Tm with a corresponding fall in the concentration of phos 
phate in the serum. This effect is noted even when enough dihydrotachysterol 
is given to produce a slight increase in the concentration of serum calcium. 
The phosphate Tm continues to decrease progressively following the cessation 
ot dihydrotachysterol treatment until vitamin D is given, when there is thi 
usual rise obtained with this vitamin. The decrease in renal tubular reabsorp 
tion of phosphate observed in the vitamin D-deficient animal following dihydro 
tachysterol administration suggests a parathyroid hormone-like effect (6). 
These results again indicate the importance of renal tubular reabsorption ot 
phosphate in maintaining the normal phosphate economy of the body, and 
support the suggestion that the effect of vitamin D in increasing phosphate Tm 
is one of the mechanisms of its antirachitice effect. 

The present experiments agree in part with Albright et al. (8) that one of the 
essential differences between the physiological effects of dihydrotachysterol and 
vitamin D is in their action upon the renal excretion of phosphate. However, 
there is also a striking difference between dihydrotachysterol and vitamin D in 
their effect upon the serum caleium in the rachitic dog.  Dihydrotachysterol 
is relatively ineffective in increasing the concentration of calcium in the vita- 
min 1) depleted dog. This lack of poteney of dihydrotachysterol in the absence 
ot vitamin D has also been noted in human infants suffering from rickets and 
tetany. Harnapp (11) and Woo, Fan and Chu (12) have shown that the 
administration of solutions of dihydrotachysterol failed to raise satisfactorily 
the serum calcium of such infants, whereas preparations of vitamin D were 
immediately etfective. 

The experimental findings suggest that vitamin D is essential for certain 
cellular functions and cannot be replaced by dihydrotachysterol. If the vita- 
min I) requirements of the tissues are satisfied, dihydrotachysterol can then 
supplement the essential vitamin and produce an effect similar to that of an 
excess of vitamin D. 

The interrelationships between the parathyroid hormone and the effects of 
vitamin D and dihydrotachysterol are not as yet explained. In the subject 
with intact parathvroids, vitamin D increases the concentration of phosphate 
in the serum. However, in patients with hypoparathyvroidism the abnormally 
high concentration of phosphate is decreased by the administration of both 
vitamin DID (3, 13, 14) and dihyvdrotachysterol. This phase of the problem 
requires turther study. 

SUMMARY 


The effects of dihyvdrotachysterol and vitamin D on the rate of reabsorption 


of phosphate by the renal tubules (phosphate Tm), and the concentrations of 
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phosphate and calcium in the serum were determined in rachitic and nor 
dogs. When vitamin D is given to the rachitic dog a prompt increase in pho 
phate Tm is found, associated with a rise in the concentrations of phosphate 
and calcium in the serum. Following the administration of dihydrotachysterol 
to the vitamin D depleted dog there is a progressive decrease in phosphate ‘Tm 
ind in the serum phosphate. The concentration of caleitum in the serum ma 
be slightly increased if large amounts of dihydrotachysterol are given In the 
normal dog, however, which has been given vitamin D, dthyvdrotachysterol 
produces a marked elevation of the serum ecaleitum and also an increas 
phosphate Tm and the concentration of phosphate in the serum. The results 
indicate that although the physiological effects of dihydrotachysterol in’ thi 
normal dog are similar to those of vitamin D, dihydrotachysterol can not sub 
stitute for vitamin D in the rachitie dog. 
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Variations of thromboplastie activity may be estimated by comparing th¢ 
coagulation time on one sample of plasma. The thromboplastie substances 
used in these comparisons may be prepared from different organs of various 
species. Quick (1) developed the prothrombin time test by determining thi 
coagulation time of recalcified plasma to which an excess of brain thromboplastin 
is added. He showed that the prothrombin time may vary depending on the 
origin of the thromboplastin and the species in which it was used (2), and sug- 
gested that seasonal variations might influence the thromboplastic activity of 
tissues (3). The purpose of this study was to determine if the age of the 
animal would influence the thromboplastic activity of their brains and if the 
aging of chicken plasma at room temperature would have an effect on the 
prothrombin time. Furthermore, we wished to determine if there is any 
correlation between the prothrombin time and the coagulation time of recal- 
cified oxalated plasma. Since the activity of skin thromboplastin has not 
been examined, we prepared thromboplastic substances from skin and brain of 
rabbits and chickens for purposes of comparison. In the course of this study 
it became apparent that the widely accepted explanation of the phenomenon of 
prothrombin time which is based on the Morawitz concept of the classical theory 
of blood coagulation (4) could not be correlated with our findings. We there- 
fore propose a tentative conception which is principally based on Howell's 
theory (4 

Merruops. The plasma was decalcified as described by Quick (1) by adding 1 
volume of 0.1 ME sodium oxalate solution to 9 volumes of blood. Blood was 
drawn from the antebrachial vein of humans, the jugular vein of chickens and 
dogs, and the heart of rabbits and immediately mixed with sodium oxalate 
solution. The oxalated blood was centrifuged at 1500 r.p.m. for 10 minutes 
and the plasma drawn off. For the plasma coagulation times, with or without 
the addition of thromboplastin emulsion, 0.1 ec. of 0.025 M calcium chloride 
solution was used. The coagulation time of recalcified plasma was determined 
by adding 0.1 ee. of 0.9 per cent sodium chloride solution to 0.1 ec. decalcified 
plasma. All tests were run in duplicate and the appearance of a gel was used 
as the endpoint for the plasma coagulation time. 

Thromboplastic substances of brain were prepared with acetone washings 
according to Quick’s method (1) and by a drying method similar to the procedure 
of Link et al. (5). Quick’s method was applied to experiments listed in tables 
1,2 and 8. Chicken skin thromboplastin for experiments compiled in table 3 
was prepared by mincing (without sand) and extracting the minced material 


' Aided in part by a grant from the Dazian Foundation for Medical Research 
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15 minutes at 50 to 55°C. 


For the experiments in table 4, the brain and skin 


of rabbits and chickens were minced in a mortar within 2 hours after slaughtering 
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The cutaneous tissues were scraped from the inside of the rabbit’s pelt. On 
portion of each organ was treated with acetone and an equal portion was prepare 
without acetone. The minced tissues were dried for 24 hours at 36 to 38° 
in a desiccator containing caletum chloride. The dry material was weighed in 
250 mgm. lots and each preparation was subjected to further grinding with se: 


sand (Merek). The brains were also ground in sand in order to obtain throm 
boplastin preparations under similar conditions. The disintegrated material 


was taken up with 12.5 ce. of 0.9 per cent sodium chloride solution and centri 
fuged at a constant speed of 1000 r.p.m. for 5 minutes. The supernatant 
fluid was decanted and incubated in a water bath at 55°C. for 15 minutes. Equal 
volumes of 0.025 M ecaleium chloride solution and thromboplastin emulsion 
were mixed and 0.2 ec. of this mixture was added to 0.1 ce. of plasma. 

Resvutts. Table 1 demonstrates the thromboplastic activity on the prothrom 
bin time of human and dog plasma of brains from rabbits varving in age from 
3 weeks to 15 months. It appears that brain thromboplastins from young and 


TABLE 4 
The accelerating effect of thromboplastins from brain and skin of rabbit and chicken on the 


coagulation time of recalci fied plasma expre ssed by the thromboplast n co fhe ent 


THROMBOPLASTIN COEFFICIENT 


LASMA Rabbit brain Rabbit skin Chicken brain ( ken skin 

\ D \ D A D \ D 

Dog I 6.6 S.0 3.8 3.2 2.9 6 
Dog II 1.3 5.6 2.9 2.3 1.9 1.8 1.6 1.6 
Rabbit I 6.5 2.1 2.0 0.9 OS 0.9 

II 6.9 $5 2.3 1.6 

Chicken I 1.4 6.6 8.7 5.1 133 123 25 75 

Chicken II 1.5 7.0 9.4 6.0 125 113 38 93 

Human I 6.5 8.9 5.4 1.0) 1.0 0.7 1.1 1.0 

Human II 6.0 1.2 3.9 1.0 12 

\ = prepared with acetone; D = prepared without acetone 


adult rabbits possess similar thromboplastic activity. However, there is a 
slight prolongation of prothrombin time with brain thromboplastins of 3 and 6 
week old rabbits. 

Table 2 shows that the prothrombin time of chicken plasma which had been 
allowed to stand at room temperature for 8 hours was from 1.8 to 4.5 times 
longer than after standing for 1 hour. Further, after aging the plasma for 24 
hours, the prothrombin time exceeded 1 hour. 

Instead of expressing the accelerating effect of the thromboplastin emulsion 
upon the oxalated plasma coagulation time in seconds as is usually done, we ex- 
press this thromboplastic activity as a ratio of the coagulation time of recaleified 
plasma to the prothrombin time. This coefficient of thromboplastic activity 
equals 1 if the added thromboplastin emulsion does not exhibit any activity; 
whereas, when this coefficient is greater than 1 it expresses the relative activity 
of a given thromboplastin emulsion upon the coagulation time of the same 


plasma. 
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In table 3 the prothrombin time in chicken plasma obtained with thromboplas 
ins of chiekien brain, chicken skin, and rabbit brain are compared with the co 


lation time of the reealeified plasmin in seconds. The aetivitv of the three 


thromboplastic substances is also compared with their corresponding coefficient 
ot thromboplastic activity. For convenience we have named the latter “throm 
boplastin coefhcient.””. Chicken brain thromboplastic activity, as expressed by 
the prothrombin time, varied between 22 and 32 seconds. Prothrombin times 
with chicken skin and rabbit brain were markedly prolonged, and it would appear 
that these thromboplastins have only insignificant activities However, when 
these values are compared with the coagulation time of recaleitied plasma one 
observes that both preparations did shorten the coagulation time. Even thoug! 
the prothrombin times fell in a narrow range, the acceleration of coagulation | 
the addition of thromboplastin emulsion varied markedly. Chicken brain in 
chicken plasma was much more active in accelerating the coagulation than either 
chicken skin or rabbit brain thromboplastin. 

Table 4 exhibits the accelerating effeet of thromboplastin obtained from) brain 
and skin of rabbits and chickens on the plasma of dogs, rabbits, chickens and 
humans. The acceleration with two kinds of thromboplastin prepared from 
each organ with and without acetone was expressed by the thromboplastin 
coefficient. Rabbit brain was most active in dog plasma. Chicken skin and 
brain showed approximately equal activity. The rabbit skin, however, was 
more active than either chicken preparation. Rabbit brain thromboplastin 
was more active than rabbit skin in rabbit plasma. Chicken brain and skin 
thromboplastins showed slight activity in rabbit I] plasma and no activity in 
rabbit IT plasma. In ehicken plasma, chicken brain was stronger than chicken 
skin. Rabbit brain and skin showed slight activity by comparison to chicken 
thromboplastin; however, activity was definitely present. In human plasma, 
rabbit brain was stronger than rabbit skin. Neither preparation of chicken 
thromboplastin exhibited any significant acceleration in human plasma Le 
tone (A) and dry (D) preparations of thromboplastin showed variation of -2 
tivity in the different plasmas 

Discussion. We employed 20 mgm. per cubic centimeter of thromboplastic 
substance in all the studies, because 20 to 60 mgm. rabbit brain thromboplastin pet 
cubic centimeter exhibited similar prothrombin times in human and dog plasma 
It appears that the age of the rabbit up to 6 weeks has only shght effeet on the 
thromboplastie activity of the brain upon human plasma. The brains of all 
rabbits over 3 months show essentially the same activity. ‘There is some contro 
versy in the literature with regard to the prolongation of the prothrombin time 
due to storage of blood or plasma. According to Rhoads and Panzer (6) who 
used a modification of Quick’s method, this prolongation occurred after a few 
days. Similar observations were made by Quick (7 Warner et al. (8), on the 
contrary, who used Quick’s method and the 2-stage method of Smith, Warner and 
Brinkhous (9), did not find sueh a marked prolongation within so short a time 
Nevertheless, chicken plasma kept at room temperature shows a tendency to 
prolong prothrombin times with extreme rapidity. Tt is of interest in this econ 


nection that oxalated goose blood has been found by Quick (7) to prolong, upon 
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standing, the prothrombin time even more rapidly than human blood. From 
this it might be inferred that avian oxalated blood inhibits, on storage, thrombo- 
plastic activity to a greater extent than oxalated blood of mammals. An ex 
planation for this phenomenon can not be given at the present time. It may be 
noted that upon standing the coagulation time of recalcified chicken plasma also 
rapidly became longer. The finding of Tocantins (10) that loss of CO, prolongs 
the prothrombin time may not be the entire explanation. It appears that, when 
using the same thromboplastie substance, temperature, sterile conditions and the 
genus or even species, from which the plasma was obtained, influence the pro 
thrombin time in aging plasma. 

Quick (2) studied the prothrombin time in various species using various throm- 
hoplastins. He concluded that certain thromboplastins show their greatest 
activity when reacting with their own prothrombins. This, however, does not 
seem to be always true since he found in human plasma a significantly shorter 
prothrombin time with rabbit brain than with human brain. Warner, Brinkhous 
and Smith (11) studied the thrombin titers in various vertebrates with their 
method, and found them far higher in mammals than in the lower vertebrates 
and that the values rose progressively according to the position in the evolu- 
tionary seale. They have tested many organs as a source of thromboplastin and 
found that thromboplastin prepared from brain or lung was most active. In 
most cases, however, they have observed that organ extracts from one species 
are almost equally effective in activating thrombin of the other species studied 
and that an element of species specificity was apparent with chicken plasma. 
We believe that apparently there is a trend towards specificity, but we do not 
believe that this presents the full explanation for the various activities of different 
thromboplastins. 

The coagulation time of recalcified plasma may exhibit the activity of the 
thromboplastic substance which, due to platelet disintegration or from other 
sources, is originally present in the plasma. The ‘thromboplastin coefficient” 
was introduced to express the ratio of the initial thromboplastie activity of the 
plasma to the activity of thromboplastin in excess. We believe that using see- 
onds alone as a measure of thromboplastie activity in different plasmas is erro- 
neous. For example, if one studies dog plasma with a prothrombin time of 10 
seconds and human plasma with a prothrombin time of 23 seconds, one may 
assume that in dog plasma there is a 2.3 times greater thromboplastic activity 
than in human plasma. However, this apparently is not true, because, upon 
recalcification, the same human plasma clots in 360 seconds and the same dog 
plasma, in 160 seconds. The thromboplastic activity as determined by the 
thromboplastin coefficient can thus be the same, even though the prothrombin 
times in seconds in both instances do not agree. The thromboplastin coefficient 
may not vary greatly. This is due either to the short reealcified plasma coag- 
ulation time or to the proportionate increases both in the latter and in the pro- 
thrombin time. The vast difference in the thromboplastin coefficient which 
occurred with the chicken brain thromboplastin is not attributable to the pro- 


thrombin time, as can be seen from table 3, but to wide variations of the reeal- 


citied plasma coagulation time. As endpoints of the prothrombin time, or reeal- 
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ecified plasma coagulation time, we always used the appearance of a gel. For 
this reason the recalcified plasma coagulation time is probably longer than n 


he expected, It may be noted that precipitation could be observed before gelation 


had started. Precipitation of fibrin needles was observed to occu 
simultaneously with gel formation in plasma coagulation. However in hemo 
philic plasma or blood, precipitates of fibrin or little clots often occur long before 
gelation. To our knowledge there are no special studies in the literature r 
garding the occurrence and relationships of both phenomena 

Thromboplastic acceleration of coagulation time in plasma of the same, o1 
different, species cannot be explained satisfactorily by the concept OF Quick 2 
According to him, the prothrombin time expressed in seconds indicates the con 
centration of prothrombin which is present in the plasma. This becomes further 
evident when thromboplastins from different organs of the same species are 
examined. Furthermore, no explanation is offered by the Quick concept 
for the discrepancies which exist between prothrombin time and coagulation 
time of recalcified plasma. Therefore, we offer a tentative explanation which is 
based upon recent findings of other authors which hitherto were not sufficiently 
correlated to explain the discrepancies in our results. 

The contention that prothrombin is a precursor of thrombin which seems to 
be generally accepted today is again a matter of controversy. Dyckerhoff et al. 
12, 13) have recently stated that thromboplastin (thrombokinase) activates 
thrombin in a similar manner as enterokinase activates trypsin by the exclusion 
of inhibitory substances. Thev offered this theory as a reasonable explanation 
for the many observations in the literature which are not completely explainable 
by the Morawitz theorv. They suggest that completely formed thrombin 
is present in the circulation, and that its action is hindered by inhibiting sub 
stances. In Howell’s theory, heparin in the circulating blood is combined to 
form a prothrombin-antiprothrombin complex. Thromboplastin in shed blood 
combines with the heparin, freeing the prothrombin which is then activated t 
thrombin by the calcium of the blood 


Dedueing from both theories, our view is represented in the following schen 
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The complementary factor plus thrombin constitutes the prothrombin complex 
According to this view, prothrombin, contrary to the theory of Morawitz, is only 
a precursor of thrombin in that in the heparin-prothrombin complex, preformed 
thrombin is merely inactivated by antithrombin which is composed of heparin 
and the complementary factor. Thromboplastin in the presence of calcium and 
the complementary factor has its neutralizing effect upon heparin, thus activating 
the thrombin. Howell and Holt (14) have already shown that heparin acts as 
an antithrombin only in the presence of proantithrombin which is a thermolabile 
antecedent substance in plasma or serum. This substance was demonstrated 
by Quick (15) to be contained in albumin. Recently Jaques and Mustard (16 
and Ziff and Chargaff (17) have found this factor in the albumin fraction, but 
not as crystalline serum albumin. Contemporaneously with these authors it 
was found by Stewart and Rourke (18) that in a particular fraction of plasma 
albumin the property of inactivating thrombin is resident. Howell’s contention 
that heparin has a direct inhibitory action in the first phase of coagulation (anti- 
prothrombin) was recently substantiated by Brinkhous, Smith, Warner and 
Seegers (19). The findings of these authors demonstrate that, furthermore, 
plasma contains a first phase complementary factor which is essential for the 
antiprothrombin effect of heparin. This conclusion was verified by Astrup (20). 
Brinkhous et al. offer the hypothesis that the complementary factor is identical 
to the proantithrombin of Howell and also serves in the first phase of coagulation 
in combination with heparin as antiprothrombin or antithromboplastin. From 
these recent researches, although definite evidence is lacking, it may be assumed 
that the antithrombin in the thrombin activation phase and the fibrinogen con- 
version phase are identical, namely, heparin plus complementary factor. On 
the other hand, the hypothesis that the prothrombin complex consists of com- 
plementary factor and inactive thrombin has, at present, no experimental basis. 
It is of interest, however, that thrombin was activated from prothrombin by 
dialysis and on standing in solution (21), by certain proteolytically active snake 
poisons (22) and by trypsin (23). The classical theory expresses the specificity 
of thrombin action on the conversion of fibrinogen to fibrin (4, 24). There are 
several thrombin theories and we believe, with Howell, that in their development 
the solution of the problem is to be expected. 

On this basis we feel that the prothrombin time expresses the speed with which 
the activation of thrombin occurs, and the degree of concentration of the ac- 
tivated thrombin from the prothrombin complex. From this it might be inferred 
that the prothrombin time does not necessarily determine quantitatively the 
prothrombin content. Therefore it was preferred to use the current term ‘‘pro- 
thrombin time” instead of prothrombin concentration for the test. Ferguson 
(25) has demonstrated that inhibitors of the nature of antiprothrombin and 
proantithrombin influence the results obtained by the prothrombin time methods. 
He concluded that certain clinical anomalies as expressed by the prothrombin 
time may reside in the associated inhibitor variables and not in the ‘prothrombin 


per se’. It should be pointed out that Quick (7) stated that his test and the 


method of Smith et al. ‘tare based on unproved assumption; therefore the validity 
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of the results which they vield can be judged onlv by correlation with clin 
observation’. We believe that different preparations of thromboplastin may 
activate thrombin to varving degrees and rates when combining with the heparin 


of the heparin-prothrombin complex. 


SUMMARY 


1. The age of the rabbit up to six weeks has only slight influence upon the 
thromboplastie activity of their brains upon human plasma. Over three months 
the age has no significant effect. 

2. Inchicken plasma the prothrombin time is rapidly increased upon standing 
at room temperature, 

3. The ratio of coagulation time of recalcified oxalated plasma to the prothrom 
hin time was named “thromboplastin coefficient’. It was used to estimate the 
activity of a given thromboplastic substance. 

t. Rabbit skin and chicken skin exhibit thromboplastic activities to various 
degrees. 

5. Chicken brain and chicken skin have no activity with human plasma and 
most activity with chicken plasma. 

6. The trend of apparent species specificity of thromboplastin is discussed 

7. The marked discrepancy in prothrombin time of the same plasma due to 
various thromboplastins cannot be explained by the Morawitz theory of blood 
coagulation. A concept which best explains this discrepancy is advanced. This 
concept is mainly based on Howell’s theory and recent researches of other 


authors. 


I wish to acknowledge my thanks to my colleague Dr. Joseph J. Lalich for 
his help in the experiments. 
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A change of blood flow through any particular part of the vascular bed may be 
the result of a change in any one of the factors found by Poiseuille (1844) to 
determine the rate of flow of fluids through rigid tubes. These factors inelude 
the pressure, the dimensions of the tube, and the viscosity of the fluid. The 
vasomotor nerves act on the circulation by altering the dimensions of the blood 
vessels; their effects on the blood flow may be complicated, however, by simulta 
neous changes of blood pressure or by the liberation of substances into the cireu 
lation which themselves alter the dimensions of the blood vessels. Anothet 
factor, not previously investigated, complicates the interpretation of changes in 
blood flow. It will be shown in this paper that the effects of the vasomotor nerves 
are in large part the result of changes in the internal resistance (apparent vis 
cosity) of the blood itself. 

The difficulties of separately evaluating the effects of each of these variables are 
largely responsible for the present lack of quantitative information about the 
part played by the vasomotor nerves in the control of the peripheral circulation. 
These difficulties have been overcome in the pump-lung innervated hindlimb 
preparation of the dog. The hindlimb muscles of anesthetized dogs are perfused 
with defibrinated blood from a pump-lung circulation while connections with the 
central nervous system are retained through the sciatic nerve. The pressure 
and the composition of the blood supplying the muscles are thus made inde- 
pendent of changes in the animal. The effects of the vasomotor nerves on the 
circulation can be studied quantitatively by reversibly blocking the nerve and 
recording the changes of blood flow. Finally the effects of the nerves on the 
apparent viscosity of the blood can be detected and measured by the methods 
described below. 

I. Mernops. 1. Perfusion. The apparatus and technique of perfusion were 
similar to those used by Eggleton, Pappenheimer and Winton (1940) for the 
perfusion of the isolated kidney. In this form of apparatus the perfusion pres 
sure may be adjusted to any constant value which is essentially independent of 
the resistance of the perfused organ. The experiments involving perfusion with 
Ringer’s solution necessitated a second artificial circulation which was connected 
with the pump-lung circuit in such a way that either blood or Ringer’s solution 
could be used to supply the limb. The composition of the Ringer’s solution wa 
NaCl 0.9 per cent, KC] 0.042 per cent, Cat lo 0.024 per cent and NaHCO, 0.03 
per cent, 

2. Pressure. The perfusion pressure was measured with a mercury manom 
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eter. It was corrected for the difference in height between the manometer and 
the artery and for the pressure fall across the arterial perfusion cannula at any 
particular flow. The latter correction was obtained for each cannula by suitabl 
calibrations on blood and on Ringer’s solution. 

3. Blood flow. The venous outflow was measured with a stopwatch and meas 
uring evlinder. It was also recorded continuously by the method of Gaddum 
(1929). 

1. Pressure-flow curves. The perfusion pressure was varied in steps and the 
flow corresponding to each pressure measured as soon as the flow had reached a 
steady value as indicated by the continuous record (fig. 1). Each measurement 
required about two minutes. The results were then plotted against time and 
the pressure-flow curve at any particular time was obtained by interpolation. 

5. Oxygen saturation. The oxygen saturation was measured and recorded 
continuously by the methods of Kramer and Winton (1939) with the modificea- 
tions described by Pappenheimer (1941). 

6. Infusion of adrenalin. Adrenalin was made up in saline and the solution 
evacuated in the Van Slyke apparatus. It was kept under oil in a capillary in- 
flusion apparatus which delivered 0.10 to 1.00 ec./min. within an error of about 
+0.01 ce./min. 

7. Cooling the nerve. The sciatic nerve was encircled with a nickel-plated 
copper tube. The nerve was protected from direct contact with the metal by 
cotton moistened with saline. The tube could be connected with reservoirs con- 
taining ice and brine or warm water. Thermometers were inserted near the 
inflow and outflow and the temperature of the nerve controlled by varving the 
rate of flow of fluid in the tube. 

8. The innervated perfused hindlimb preparation. A dog weighing 10 to 20 
kgm. was anesthetized with nembutal or with chloralose. The tendons of the 
thigh muscles, the insertions of which lie around and below the knee-joint, were 
sectioned between ligatures and the articulation opened below the patella. The 
articular arteries and veins and the saphenous artery and vein were divided. A 
circular skin incision was made around the lower part of the calf. The small 
saphenous vein (which receives veins from the gastrocnemius muscle before it 
joins the posterior femoral vein) and the posterior femoral artery and vein were 
isolated and all their branches to the thigh muscles tied. A window was made 
in the femur with a circular saw, some of the marrow removed and the cavity 
packed with cotton. The sciatic nerve was dissected free of fat and the femoral 
artery and vein prepared for the perfusion cannulae. The blood supply of the 
tissues below the knee was in this way confined to the femoral artery. 

During the first operation a second dog was anesthetized and the pump-lung 
preparation begun. The two operations were so timed that the limb was ready 
for perfusion one hour after starting the pump-lung circulation thus allowing 
time for “detoxication” of the blood by the lungs. 

Kxeluding bone, about two-thirds of the tissues below the knee are muscle. 


Ina typical preparation the skin weighed 51 grams, muscles 121 grams, and bone 


179 grams. Only a small part of the skin appears to be perfused. Calculated 
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on the assumption that all the perfused tissue Was muscle, the oxvgen consump 
tion was approximatels 0.01 ce. gram min which is only slightly greater that 
the values obtained if special precautions are taken to confine the circulation to 
muscle (Pappenheimer, 1941). After some hours of perfusion a small leak miay 
develop from the vessels around the cut surfaces of the skin. In our earlier ex 


periments this leak was measured and recorded with a drop counter, it rarely 
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Fig. 1. The effeets of cooling the seiatie nerve on the blood flow in the innervated pe 
fused hindlimb muscles. Dog, 14 kgm. Nembutal At C nerve cooled, at Wonerve warmed 
Pressure-flow data with nerve warm obtained before and after cooling Vote 1 
bilitv of effeets of cooling; 2, the effeets of vasoconstrietion on the slop ind intereept of 


the pressure-flow curve 


amounted to more than 2 per cent of the total blood flow Phe experiments wer 
generally terminated by edema of the lungs in the perfusion circuit 5 to 9 hour 
after the perfusion was begun. 

Il. THE EFFECTS OF COOLING THE NERVI Figure | illustrates the effeets on 
the blood flow of cooling the nerve fora period of twelve minutes. Tt is seen that 


the blood flow measured at a pressure of 143 mm. Hg increased from 38 ee. min 
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to 64 ec./min. where it remained constant. Pressure-flow data were obtained 
and the nerve was then warmed. Complete recovery of the nerve after these 
procedures is indicated by the return of the blood flow to 36 ce./min. at a pressure 
of 144 mm. Hg. In 61 similar experiments the nerve failed to recover twice 
although in a few instances recovery did not occur for several minutes. In five 
experiments in which the nerve was cut during a period of cooling no furthe: 
changes of blood flow were observed. Curarization of the muscles had no de 
tectable effeet on the change of blood flow when the nerve was blocked. 

It might be supposed that the change in blood flow at constant pressure which 
occurs When the nerve is blocked would be a quantitative measure of the degree 
of vasomotor activity. This is not in fact the case. It was found that for any 
constant degree of vasomotor tone the ratio of the blood flow with the nerve 
blocked to the flow with the nerve active varied greatly with the absolute value 
of the perfusion pressure (fig. 5). The reasons for this variation become clear 
when the effeets of vasoconstriction on the relation between the pressure and the 
flow of blood are examined. 

THe EFFECT OF VASOCONSTRICTION ON THE RELATION BETWEEN: THE 
PRESSURE AND THE FLOW OF BLOOD AND OF RINGER’S SOLUTION. — In the isolated 
perfused hindlimb in which the blood vessels were widely dilated by the addition 
of 0.1 per cent chloral hydrate to the perfusing blood, Whittaker and Winton 
(1933) found that the flow varied linearly with the pressure over a wide range of 
flows. They observed that if the linear region of the pressure-flow curve were 
extrapolated to zero flow it intercepted the pressure axis at about 20 mm. Hg. 
The value of this extrapolated intercept was shown to be increased when the 
viscosity of the blood was increased by the addition of red blood corpuscles. 

A. EXPERIMENTAL. We have confirmed these findings in the isolated hindlimb 
muscles in which the blood vessels are unconstricted.! However, if vasoconstric- 
tion is produced the relations between the pressure and the flow of blood are 
altered. Figure 2 shows the effect on the pressure-flow curve caused by the 
vasomotor tone in the innervated preparation and figure 3 shows a family of such 
curves obtained from an isolated hindlimb in which vasoconstriction was pro- 
duced by the continuous infusion of adrenalin into the perfusing blood. It is 
seen that the pressure-flow curves during vasoconstriction are linear only when 
the flows exceed certain values. Below these values the slopes diminish rapidly 
and the curves approach the origin. If the linear regions of these curves are 
extrapolated to zero flow (broken lines) they intercept the pressure axis at values 
which increase with increasing vasoconstriction (fig. 3). The effects of vasocon- 
striction on the pressure-flow curve of blood are therefore indistinguishable from 
the effeets of an increase in corpuscular concentration. Dr. F. R. Winton 
informs us that he has observed a similar increase in the “intercept”? when 
vasoconstriction is caused by pituitrin. 

The effects of vasoconstriction caused by adrenalin on the flow of Ringer’s 
solution are shown in figure 4. The data were obtained from the same experi- 

! Uneonstricted has been chosen in preference to dilated because the vessels of the isolated 
hindlimb may be actively dilated by various agents. 
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ment as that shown in figure 2 which illustrates the effects of vasoconstriction on 
blood. The double circulation technique was employed in order that the periods 
of Ringer perfusion might be limited to the few minutes required to obtain 
accurate pressure-flow data. That little edema oecurred during the exposure to 


Ringer’s solution is suggested by the fact that both lines intercept the pressure 
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Figs y ae | The effects of vasoconstriction on the relation between the pressure nal thie 
flow of blood Vasoconstriction caused by vasomotor tone in innervated prep 
fig. 2) and by adrenalin infusions in isolated preparation (fig. 3 Vote 1 
approximately linear at high flows and bend toward origin at low flow 2 the effect 
vasoconstriction is to increase pressure at whieh deviation from linearity oceus >, the 
extrapolated Intercept on the pressure aXts increases With vasoconstrictor 
1, reversibility as indicated by times at which point h curve were 


axis near the origin. It is seen that no significant deviation occurred from a 


simple proportionality between pressure and flow. A> similar experiment in 
which the vasoconstriction was caused by the vasomotor tone in the innervated 
preparation is shown in figure 6 (curves 1 and 2 

B. Discussion. The implications of these findings whieh be lireetly on the 
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problem of measuring quantitatively the degree of vasoconstriction may best be 
considered in terms of the resistance to flow. 


The total resistance to flow is defined as the pressure per unit rate of flow. For the 
laminar flow of liquids through small tubes we have from Poiseuille’s Law, 


P S/ 
Resistance = — = n X 
mrt 
where P pressure in dynes per em.?, F = flow in ecm.’ per second, 7 = viscosity in dyne 
seconds per em.?, 1 = length in em. and r = radius in em It isseen that the resistance 
flow is the product of two terms, (a) the internal (viscous) resistance of the liquid, (b 
factor which is determined by the dimensions of the tube If the viscosity of the liquid is 


independent of the flow (homogeneous liquid) then a deviation from proportionality be 
tween pressure and flow indicates a change in the dimensions of the tube with flow as re 
quired by Mquation i If the dimensions of the tube are constant (rigid tube) then a devia 
tion from proportionality between pressure and flow indicates a change in the viscosity of 
the liquid with flow. This type of change is characteristic of the flow of suspensions ( Bing 


ham 1922) and the viscosity at any particular flow is often termed the apparent viscosity 


|. The resistance to the flow of Ringer’s solution. For any constant degree of 
vasoconstriction the flow of Ringer’s solution has been found to be proportional 
to the pressure (fig. 4). This relation between pressure and flow is characteristic 
of the laminar flow of liquids through rigid tubes, and it implies that over the 
range of pressures investigated (10 to 160 mm. Hg) the average dimensions of the 
vascular elements responsible for the resistance to flow are not significantly 
altered. It implies further that the viscosity is independent of the flow and that 
at constant pressure a change of Ringer flow is a result solely of a change in the 
dimensions of the blood vessels. The ratio of the Ringer flow with the nerve 
blocked to the flow with the nerve active (constant pressure) may therefore be 
expected to be a quantitative measure of the effects of the vasomotor nerves on 
the average dimensions of the blood vessels. 

2. The resistance to the flow of blood. In contrast to the flow of Ringer’s solution 
the flow of blood is not proportional to the pressure. In the unconstricted vessels 
the deviation from proportionality is small and the pressure-flow curve reaches 
the linear part of its characteristic at pressures which are well below the physio- 
logical range (fig. 2, curve 1; fig. 3, curve 1; fig. 6, curve 3). During vasoconstric- 
tion the deviation from proportionality is greatly increased and the pressure-flow 
curve may not reach its final, approximately linear slope until pressures of 100 
mm. Hg or more are exceeded (fig. 3, curves 3 and 4). Under these conditions 
the resistance to flow decreases greatly as the flow increases with pressure. For 
example, in figure 3, curve 3, the resistance at a flow of 20 ce./min. was 50/20 

2.5mm. Hg per ee. per min. whereas at a flow of 120 ce./min. the resistance was 
150/120 = 1.25 mm. Hg per ce. per min. Since no corresponding changes occur 
with Ringer’s solution (preceding paragraph), the decrease of resistance with 
flow of blood may be considered as a decrease in the internal resistance (apparent 
viscosity) of the blood itself. A change of blood flow brought about by vasocon- 
striction (at constant pressure) is therefore a result of a change in the apparent 
viscosity of the blood as well as of a change in the dimensions of the blood vessels 
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and the ratio at constant pressure of the blood flow in the unconstricted vessels 
to the flow in the constricted vessels (abbr. 2),) may be expected to vary with the 
pressure. Figure 5 shows the variation of R, with pressure for each of the states 
of vasoconstriction shown in figures 2 and 3. Curve 4, figure 3, is not included 
because it cannot be conveniently plotted on the same seale. It is seen that as 
the pressure increases the rate of diminution of PR), with pressure decreases. At 
very high pressures (p —> =~) the influence of the anomalous departures of thi 
pressure-flow curves from linearity becomes negligible and PR approaches the 
ratio of the slope of the pressure-flow curve in the unconstricted vessels to thi 
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Fig. 5. The variation with pressure of the ratio of the blood flow in the uneor 
vessels to the flow in the constricted vessels Phe curves depict three different con 
degrees of vasoconstriction plotted from the data of figures 2 and 3. In the physiologic 


range of pressures PR, varies with pressure and cannot therefore be used as a measure of the 


isomotor tone. With increasing pressure Ry approaches a limit whieh is equal to the ratio 
of the slopes of the pressure flow curves 23, 1.58 and 1.98 in the ex imples shown sate 
This limit is proposed as a quantitative measure of the degree of vasoconstriction zd 
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slope of the pressure-flow curve in the constricted vessels. Under these condi 
tions we thought it probable that R), would be determined solely by the change 
in the dimensions of the blood vessels. If this is the case then for any constant 
degree of vasoconstriction the ratio of the slopes of the pressure flow curves on 
Ringer in the unconstricted and in the constricted blood vessels should be equal 
to the ratio of the slopes of the pressure-flow curves on blood in the unconstricted 
and in the constricted vessels, both slopes being measured ul high pressures over 
the linear parts of the pressure-flow curves. 

IV. EvipeNcE THAT DURING ANY CONSTANT DEGREE OF VASOCONSTRICTION 
rHE RATIO OF THE RINGER FLOWS AT CONSTANT PRESSURE IS APPROXIMATELY 
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EQUAL TO THE RATIO OF THE SLOPES OF THE PRESSURE-FLOW CURVES ON BLOOD 
MEASURED OVER THE LINEAR PARTS OF THEIR CHARACTERISTICS. In four out oi 
five experiments performed to test this hypothesis the double pump-lung inner 
vated preparation was used and different states of vasomotor tone were induced 
by bleeding the animals. The last experiment was performed on the isolated 
curarized limb and vasoconstriction was produced by stimulating the sciatie nervé 
with 60 eyele A.C. from a constant voltage source. The design of each experi 
ment was as follows: 

L. Pressure-flow curves of six or more points each were obtained on blood with 
the nerve warm until a steady state was reached. 

2. The nerve was cooled and a pressure-flow curve obtained. 

3. The nerve was warmed and one or two points taken to ascertain whether the 
vasomotor tone was steady. 

!. The limb was “‘switched over” to the Ringer circulation and pressure-flow 
curves of two or three points each were obtained as quickly as possible in the fol- 
lowing order: a, innervated; b, nerve cooled; c, innervated. 

5. The blood circulation was restored and steps (1) and (2) repeated. 

In the electrical stimulation experiment this sequence was modified to avoid 
exposing the limb to Ringer’s solution during the period of recovery from stimu- 
lation. For this reason comparisons of the Ringer flows in the constricted and 
unconstricted vessels were made at rather long intervals and are not as reliable 
as in other experiments. 

Owing to the number of data required we were unable to reduce the periods of 
Ringer perfusion to less than 3 hour and edema developed in some experiments. 
The development of edema manifests itself in the pressure-flow curve by a gradual 
reduction of slope which in the case of Ringer perfusion affects both the con- 
stricted slope and the unconstricted slope in the same proportion. Since we are 
primarily concerned with ratios such changes are not of critical importance. 
More serious are real changes of vasomotor tone which may have oecurred during 
the measurements. Such changes would critically affect the results if they oc- 
curred betjveen steps (3), (4a) and (4b) and these procedures generally required 
15 minutes to complete. In the absence of direct evidence as to whether or not 
such changes occurred we can only refer to the consistency of the results and the 
fact that in three of the experiments the vasomotor tone measured by the ratio 
of the slopes of the pressure-flow curves on blood was the same before and after 
the cycle of measurements. 

The best of these experiments is illustrated in figure 6. It is seen that the 
pressure-flow curve on blood with the nerve warm was the same before, during, 
and after the steps outlined above. Data from all the experiments are shown in 
table 1. Without exception the ratio of Ringer flow to blood flow at constant 
pressure (apparent viscosity) was increased as a result of vasomotor activity. 
With the exception of the last experiment which for reasons given above was 
technically the least satisfactory, the ratio of the Ringer flows approximated the 
ratio of the slopes of the pressure-flow curves on blood. The average of our 


7 measurements of the apparent viscosity at a pressure of 80 mm. Hg with the 
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vessels unconstricted was 2.5 as compared with the average value of 2.2 found 
inder similar conditions by Whittaker and Winton (1933 During vaso 
constriction caused by vasomotor nerves, however, the apparent  viscosit 
measured in the same Wat averaged 3.6 \ccording to the data of Whittake 
and Winton this would correspond with a corpuscular concentration of 70 
per cent in the isolated preparation. 

The results of the double circulation experiments shown in table 1 enable us 
with some confidence to make the following computations from the characteris 
tics of the pressure-flow curves on blood. 

1. The ratio of the total resistance to blood flow at constant pressure with and 


without vasoconstriction = 
Flow (eonstricted ) Flow (uneconstricted 
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Fig. 6. Evidence that during any constant degree of vasomotor tone the ratio of 
Ringer flows at constant pressure (1.25) Is approximately equal to the ratio of the s 

the pressure flow curves of blood measured over the linear parts of their characteris 
1.30 Double pump-lung innervated preparation Vole 1, reversibilitv of experiment 
s indicated by times at which points on curves were obtained; 2, the pressure -flow 
f blood (47) which would have resulted had there been no change of apparent viscosit 


2. The ratio of the Ringer flows at constant pressure without and = with 
vasoconstriction. This quantity is independent of the pressure (fig. 4) and _ of 
the viscosity (p. 192). For reasons given in the discussion we propose to adopt 


it as a measure of the vasomotor tone (VT 
on, = ae Ac/Aw where c and w refer to nerve cooled and nerve warmed 
respectively 
3. The ratio of the apparent viscosities of the blood at constant pressure 


with and without vasoconstriction. 


n R V7 
V. Sravisticat. The effects of vasoconstriction on the pressure flow curves 


of blood have been studied in 16 hindlimbs. Nineteen pairs of curves were 
obtained from innervated preparations in which the vasomotor tone ranged 
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from 1.2 to 2.5. Eight sets of curves were obtained from isolated prepara 
tions in which the tone ranged from 1.1 to 5-4. 

Without exception vasoconstriction increased the apparent viscosity o 


the blood. However, the percentage increase of apparent viscosity associated 


rABLE 1 
Comparison of Ring r pressure-flow curves with hlood pressure flow curves 


Double pump-lung innervated perfused hindlimb preparation 


R, Blood flow (uneonstrieted) + Blood flow (constricted). 
R, Ringer flow (unconstricted) + Ringer flow (constricted 
\ = Slope of pressure-flow curve over linear part of characteristic 
n = Apparent viscosity of blood (Ringer flow + Blood flow 
0,1 Subseripts referring to unconstricted and constricted vessels respectively. 
EXPE NT NUMBER PERF. PRESS Rs R- mn 
\ND TYPE 
mm. Hg 
l Isolated 40) 3.1 
SO 2.1 
120 1.9 
2 Innervated 2.0 3.0 
SO 2:0 1.S 1.6 1.8 2.0 
120 1.8 L.S 
3. Innervated SO 3.0 3.1 
2.0 2.2 
120 2.6 2.5 2.0 
1. Innervated 40 1.6 
SO 1.d 1.4 1.3 2.9 
120 1.4 2.4 2.8 
$. Innervated 40) 2.1 2.8 ia 
SO 2.0 1.25 Lis 2.5 3.9 
120 Ld 2.3 3.1 
5. Innervated 40) 3.4 7.6 
SO 2.3 1.4 1.3 3.0 1.9 
120 1.8 2.8 3.1 
6. Electrical stim 10) 2.4 re 5.0 
SO 2.5 1.35 2.0 2.5 4.4 
120 2.2 2.4 1.0 
Mean and standard deviation at pressure of 80 mm. Hg (average hematocrit = 40% 
no = 2.592 .4 m = 3.6 + 1.0. 


with any particular degree of vasoconstriction varied widely from one hind- 
limb to another. Thus in two preparations with a vasomotor tone of 1.30 
the percentage increase of apparent viscosity at a pressure of 80 mm. Hg was 
in one case 21 per cent, in the other 80 per cent. For the purpose of assembling 


the data in compact form we have constructed table 2 without reference to 
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lifferences in vasomotor tone. The standard deviations thus include diffe: 
ences resulting from different vasomotor tones as well as deviations observed 
from one preparation to another. The means are therefore useful only for 
orders of magnitude and for relative changes of viscosity with pressure 

VI. Discussion. 1. The changes of apparent viscosity. The dimensions of 
the vascular bed in the hindlimb muscles perfused under the conditions of 
our experiments are evidently such that even a small degree of vasoconstric 
tion is sufficient to increase the apparent viscosity of the blood. The sympa 
thetie nerves appear to owe much of their effectiveness in the control of the 
blood flow to the anomalous physical properties of the blood. The effeet on 
the blood flow of a given change in the average dimensions of the blood vessels 
is augmented by the simultaneous change in the apparent viscosity and the 
amount of change is greatest at low pressures where an increase of peripheral 
resistance becomes of greatest importance to the animal. During the vaso 
constriction accompanying hemorrhage, for example, the effeetive increase of 


TABLE 2 
The effects of vasoconstriction on the apparent cosity of the blood 
A 
Data compiled from 24 sets of pressure flow curves obtained from 16 hindlimbs in which 


the vasomotor tone was 1.0/2.5 


Means, standard deviations, and deviations of means 


APPARENT I 
mm./lig 

10) 78 +62 + 1S 39 +18 

60 61 +47 (+11 10 +18 (+5 

SO 149 +36 (+ 4 35 +18 (+4 

100 34 418 (+ 4 30 +16 (43 

120 25 +17 t+ 4 26 +15 an) 


resistance of the perfused muscles is often double that which would occur with 
out change of apparent viscosity. 

It was noted by Whittaker and Winton (1933) that the absolute value of 
the blood flow through isolated hindlimbs at any given pressure varies greatly 
from one preparation to another although the apparent viscosity of the blood 
is relatively independent of such variations. The results of the present exper! 
ments imply that these differences of flow are due to differences in the number 
of perfused vascular elements rather than to differences in their average dimen 
sions, for in the latter case considerable variations in the apparent viscosity 
would be expected. For example, in two isolated hindlimbs, A and B, the 
blood flows measured at a pressure of 130 mm. He were 150 ce./min. and 52 
ee./min. per 10 kgm. dog respectively. The apparent viscosity of the blood 
was in each case approximately the same as indicated by the pressure-flow 
curves. Vasoconstriction was then produced in A until the blood flow measured 
at 130 mm. Hg was the same as that in B (52 ce./min As a result of the 
vasoconstriction the apparent viscosity of the blood was increased 70 per cent 
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The finding that the apparent viscosity of the blood is increased during 
vasoconstriction appears to conflict with the observations of Fahraeus and 
Lindquist (1931) on the flow of blood in glass capillaries. These authors found 
that at a pressure of 100 mm. Hg the apparent viscosity of the blood was de 
creased as the diameter of the capillary was decreased from 0.3 to 0.04 mm. 
However, they found it “impossible to press the blood through still narrower 
tubes,” and presumably the apparent viscosity was increased in this range. 
It seems desirable that the factors affeeting the flow of blood through small 
capillaries be reinvestigated over a wide range of pressures. 

2. The quantitative measure of the vasomotor tone. Evidence has been ob- 
tained that the ratio of the slopes of the pressure-flow curves of blood in the 
unconstricted and constricted vessels of the hindlimb muscles may be con- 
sidered as equivalent to the ratio of the slopes of the pressure-flow curves of 
Ringer’s solution under the same conditions. The evidence suggests that this 
ratio is independent of the viscosity and depends solely upon the change in 
the average dimensions of the blood vessels (p. 193). In the innervated 
preparation the ratio of the slope with the nerve blocked and with the nerve 
active has been obtained and in this case the ratio may be considered as a 
measure of the vasomotor tone. Its value has been found to vary from 1.0 
(no vasomotor tone) to about 3.5 (large tone produced by hemorrhage) and it 
may be measured within an error of about +10 per cent. 

Reasons have been given above for supposing that the average dimensions 
of the unconstricted vessels are not greatly different in the muscles of different 
dogs. A change in the average dimensions of the blood vessels brought about 
by any particular degree of vasoconstriction would therefore be expected to be 
the same in the muscles of different animals. This implies that the effects on 
the vasomotor tone (measured as described above) of any particular experi- 
mental procedure are quantitatively comparable in the muscles of different 
experiments. 


SUMMARY 


1. The hindlimb muscles of anesthetized dogs were perfused with de- 
fibrinated blood at constant pressure from a pump-lung circulation. The 
sciatic nerve to the muscles was left intact. At intervals the nerve was re- 
versibly blocked by cooling and the changes of blood flow measured at different 
perfusion pressures. The blood perfusion could be interrupted by periods of 
Ringer perfusion. 

2. With the blood vessels unconstricted (nerve blocked) the relations 
between the pressure and the flow of blood or of Ringer’s solution were similar 
to those found by Whittaker and Winton (1933) in the isolated hindlimb 
(figs. 2, 3, 4, 6). 

3. During vasoconstriction the following changes occur in the pressure-flow 
curves: a. The pressure at which the pressure-flow curve of blood becomes 
approximately linear is increased. Below this pressure the slope diminishes 


and the curve approaches the origin. The extrapolated intercept of the linear 
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art of the curve increases with increasing vasoconstriction (figs. 2, 3, 6 
The Ringer pressure-flow curve is a straight line which intercepts the pressure 
ixis at or near the origin. Its slope is diminished by vasoconstriction but 
ntercept is unaffected (figs. 4, 6). 

1. The apparent relative viscosity of the blood (ratio of Ringer flow to blood 
flow at constant pressure) is increased during vasoconstriction. The amount 
of increase varies in different muscles and in the same muscles with the degre 


of vasoconstriction and with the pressure (fig. 5). Extreme values for blood of 
normal corpuscular concentration are 2 to 8. At normal pressures the change 
of apparent viscosity accounts for about of the total change of resistance to 
blood flow caused by vasoconstriction (table 2). 

5. For any constant degree of vasoconstriction the ratio of the Ringer flows 
at constant pressure in the unconstricted and in the constricted blood vessels 
is approximately equal to the ratio of the slopes of the pressure-flow curves of 
blood in the unconstricted and in the constricted vessels, both slopes being 
measured over the linear parts of their characteristics. 

6. The evidence suggests that this ratio is independent of the viscosity and 
is a measure of the change in the average dimensions of the blood vessels. In 
the innervated preparation it is proposed as a measure of the vasomotor tone. 
Its value has varied from 1.0 (no vasomotor tone) to about 3.5. Reasons ar 
eiven for supposing that the measure is quantitatively comparable in. the 
muscles of different experiments. 
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The important réle of the pituitary in nitrogen metabolism has been evident 
since the recognition that growth in higher animals is largely controlled by this 
gland. The pioneer work of Teel and Watkins (1, 2), Gaebler (3-5), and Lee and 
his associates (6-9), has clearly demonstrated that the gain in body weight which 
ean be produced with pituitary implants or extracts is associated with a de 
crease In nitrogen excretion and with a lowering of the concentration of blood and 
tissue nonprotein nitrogen constituents. All these changes were generally re 
garded as caused by the growth hormone, although rigidly purified growth 
promoting preparations had never been used for such studies. The development 
in this laboratory of methods for the preparation of the six ‘taccepted” pituitary 
hormones in comparatively pure state has enabled us to investigate the action of 
each of these on the various constituents of the nonprotein nitrogen of rat blood. 
A similar study of the action of the purified hormones on urinary nitrogen excre- 
tion has been performed by W. Marx (10). 

I;XPERIMENTAL MATERIAL, CONDITIONS AND METHODS. Animals. Norma] 
plateaued female rats were used for the major portion of these experiments, 
approximately 650 in all, many of which had previously been used for assay of 
growth hormone. However, if at least a week were allowed to elapse between 
their last injection for growth hormone assay and use in these experiments, such 
rats were found not to differ from previously unused rats in the nitrogenous com- 
ponents of their blood and in their responsiveness to hormone treatment. All 
rats were fasted 28 hours before blood samples were taken for analysis. Injec- 
tions were. made intraperitoneally, generally in 1 ec. doses, 4 hours before blood 
samples were taken. 

About 120 hypophysectomized animals of several types were also employed. 
Normal plateaued female rats were hypophysectomized 2 days before being 
sacrificed for blood samples. Another group of plateaued female rats was hypo- 
physectomized 2 weeks prior to the experiment, and still another group was about 
6 weeks postoperative when used. The male hypophysectomized rats were 2 
months old at operation and 1 month postoperative at the time of the experiment. 
The completeness of operation was checked in all cases at autopsy and only com- 
pletely hvpophysectomized animals were included in the tables. To counteract 

' Aided by grants from the Research Board of the University of California, from the 
Rockefeller Foundation, and from Parke, Davis and Company \ssistance was rendered 
by the Work Projects Administration, Official Projeet no. 265-1-08-80, Unit A-5 
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the hypoglycemic tendency of fasting hyvpophysectomized animals, glucose was 
idministered once or twice during the fasting period. 

Three groups of female rats were thy roidectomized between 2 and 2.5 months 
of age and the experiments performed when they were 4 months old. The com 
»pleteness of the operation Was checked by determination of their basal metabolic 
rate, part being done in a Benedict apparatus, and part in a modified Haldane 
set-up. The retardation of growth of the operated rats was used as an added 
index to the completeness of operation. In all doubtful cases the thyroid region 
was examined under the binocular at autopsy and sections made for histological 
examination. Those animals considered to be incompletely thyroidectomized 
were not included in compilation of results. Sixty-two completely thyroidec 
tomized animals were used. 

The hormone preparations used in this investigation were similar to those em 
ploved in other metabolic studies carried out in this laboratory (11). The lacto 
genie hormone and part of the interstitial-cell stimulating hormone (ICSH, LH 
fractions used were physico-chemically pure. The adrenocorticotropic hormon« 
contained some lactogenic activity. Part of the growth hormone preparations 
gave evidence of adrenocorticotropic hormone contamination, but ail contained 
less than 1 per cent of other known hormones. This purification was achieved 
by cysteine treatment and isoelectric precipitations (12, 13). The growth po- 
tency ranged from 20 to 50 units per mgm. The thyrotropic preparations were 
contaminated only with ICSH (10-20 per cent). The dose necessary to produce 
body-weight gains in hypophysectomized rats indicated about 1 per cent of 
growth hormone contamination in these thyrotropic preparations. However, 
in view of the fact that similar weight gains can be produced by thyroxin in such 
rats (11) and also in view of the well established synergism between growth hor- 
mone and thyroxin (14) or thyrotropie hormone (15), this apparent growth 
hormone contamination of 1 per cent can only be regarded as a maximum figure 
The thyrotropic fractions were prepared in the usual manner (16) and contained 
about 50 chick units per mgm. 

Methods. Blood was drawn from the inferior vena cava of animals under 
ether anesthesia, sodium oxalate being used as anticoagulant. Three cubic cen 
timeters of blood were taken to allow for separate determination of urea, amino 
acids, and nonprotein nitrogen and analysis of other nitrogenous substances 
upon the remaining filtrates which were pooled according to groups. Separate 
samples of whole blood were used for determination of hemoglobin and serum 
protein. 

Preparation of protein-free filtrates was carried out by the method of Folin and 
Wu (17). More filtrate was obtained if centrifuging were substituted for the 
filtration recommended. The determination of alpha-amino acids was made 
according to the method of Folin (18), color intensity however being determined 
by means of a photoelectric colorimeter (Klett). Nonprotein nitrogen wa 
determined by the microl<jeldahl method. Urea was determined by the distilla 
tion method of Folin and Svedberg (19) with a slight modification, namely, that 
the receiver contained 4 ce. 0.01 N HCI, the remaining acid being back-titrated 


202 J. FRAENKEL-CONRAT, H. FRAENKEL-CONRAT AND H. M. EVANS 


with 0.0L N NaOH. On the combined filtrates total creatinine was determined 
hy the method of Rose, Helmer, and Chanutin (20), and urie acid according to 
the method of Folin (21). 

Peptide nitrogen was determined by 2 different methods. That given by 
Snell (22 permitted estimation of higher peptides by the difference in the nitro 
gen content of phosphotungstie and trichloracetic acid filtrates of the serum. 
Nitrogen content of these filtrates was determined by microKjeldahl. The lower 
aL ptick s present in the usual tungstie acid filtrate were determined by taking th 
difference in alpha-amino acids before and after hydrolysis. Hydrolysis was 
carried out by heating 4 ec. aliquots of filtrate with 0.5 ec. concentrated sulfuric 
acid for 8 hours at 133°C. in an oil bath. Solutions were neutralized with 70 per 
cent sodium hydroxide and the Folin procedure was followed for amino acid de- 
termination, 

Whole blood was used for the determination of hemoglobin concentration by 
the method of Sanford, Sheard and Osterberg (23). Total serum protein was 
determined by microKjeldahl method. 

Muscle (gastrocnemius) and liver protein-free filtrates were prepared accord- 
ing to the method of Schafer and Lee (9). The determinations of the various 
nitrogen constituents were carried out as on the blood filtrates. 


The authors are indebted to Dr. W. O. Reinhardt for performing most of the 
thyroidectomies and to Miss F. Carter for the hypophysectomies; also to Mr. V. 
\V. Herring for assistance in the collecting of blood samples and for the deter- 
minations of oxvgen consumption by the Haldane apparatus. The purified 
ICSH, lactogenic and part of the growth hormone preparations were kindly 
supplied by Drs. C. H. Li, W. R. Lyons and W. Marx, respectively. 

RESULTS AND DiscussIon. The reader is referred to the tables for detailed 
results. Tables 1 to 3 give results of representative experiments and tables 4 to 
6 summarize all the data obtained during these studies. It is evident that crude 
alkaline extracts of beef anterior pituitary and globulin fractions prepared from 
such extracts caused the expected decreases in the blood nonprotein nitrogen, 
and in urea and amino acids in particular (table 1, 1 a,b; table 4, 1,2). Purified 
growth hormone, however was found not to cause a change in blood urea under 
the conditions of these experiments’; it produced smaller decreases in amino acids 
than elicited by cruder extracts; insignificant decreases in nonprotein nitrogen, 
corresponding and probably due to those of the amino acids were observed (table 
1,2 a; table 4,3). 

In search for the active principle contained in the unfractionated extracts, the 
other known pituitary hormones were tested, i.e., thyrotropic, lactogenic, adreno- 
corticotropic, and the gonadotropie hormones. Of these, only thyrotropic 
hormone was found to be effective. This hormone was regularly observed to 
cause, Within four hours, decreases in blood nonprotein nitrogen and in particular 
in blood urea; it also caused a drop in amino acids, at smaller doses than are 


Reeent results indicate that growth hormone causes decreases in blood urea, more 


strikingly in hypophysectomized than in normal rats, when the hormone is administered for 


longe r time periods 


needed in the ease of the globulin fraction or purified growt 
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tions (table 1, 2 b, ¢, 4a, 5a; table 4, 4 No signifieant decreases in the n 
TABLE 1 
Effects of } n} 
HORMONE PREPAR R 
Type « 1 \ ( ( \ ( 
Iixperiments 1-4: Injected 4 hours before taking of blood s s (10 
mem. | mer mem 
a Globulin fraction —13 s 14.3 2) ! o.9 é 
b Globulin fraction 0.5 34.6 ns 16.2 20: S.3 
c Adrenocorticotropie 2.0 11.6 +] ns 21.5 13 0 
d Controls 37.2 19.1 
a Growth 3.0 $11.3 3 ns 13.6 0 7.0 1) 
b  Thyrotropic 3.0 |} 36.8 14 hs 8.7 33 hy 7.0 
“¢ Thyrotropic 0.5 | 36.8 | —14/ hs | 11.2 19 | h 7.0 20 . 
d Controls 1? 6 13.6 S.7 
Lactogenic 2.0 36.6 ] ns 11.7 n 
b Controls 36.9 12.0 
a Thyrotropic 1.0 37.6 10.4 29 hs 7.6 
Thvyroxin ns 12.9 12 ns 7.6 ! 
 Thyroxin 0.02 40.0 —3 ns | 13.9 5 | ns 7.9 8 
Controls $1.4 14.7 8.3 
kixperiment 5: Injected 5 times within 52 hours preceding taking of blood samp! 
12 rats per group 
a Thyrotropic 2.5 | 33.2 ns 11.7 27 hs 7.9 
5b Thyroxin 0.25) 35.7 ns 12.8 21 S.7 
( Controls 36.1 16.1 
*S denotes Statistic al Significance of the difference between the me im « tre ed ! 
control groups; s = significant, hs = highly significant and ns not significant; Sta | 
Icerrors of the Differences between Means was calculated according to formulas f 
samples (Outline of Statistical Methods, H. Arkin and R. R. Colton, 4th Ed. Coll () 
line Series, p 27 Following the usual table for t v ilues lifferences whicl ppre ! 
or exceeded 3 times their error were called highly signifieant, those in which this 
between about 2.1 and 2.9 significant, the rest not significant 
\dministered one fifth the dose at 9 acm. and 3 p.m. on fit ind dd 
9 a.m.,4 hrs. preceding autopsy on the third d Limited d identical ar t 
given on first day, fasted on second day; Urine N determined by W. Mayr Oy: Bi 
Thyrotropie Hormone 176 mgm., Thyroxin 218 mgem., Controls 228 mgn ( 
137, 176, 186 mgm. respectively 
protein nitrogen constituents were obtained with the other purrfied pituitar 


hormones (table 1, 1 ¢,3 a; table 4, 5-7 
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With the surprising finding that thyrotropic hormone appeared to be primarily 
responsible for the early blood nonprotein nitrogen changes® provoked by pitui 
tary extracts, the question presented itself whether this action was a, mediated 
hy the thyroid gland, or b, due to a direct action of the thyrotropic hormone, or « 
caused by another hormone regularly contaminating the former. To determin: 
whether the action of the thyrotropie hormone was mediated by the thyroid, two 
types of experiments were performed: the action of thyroxin was studied, as well 
as the effeet of thyrotropie hormone in thyroidectomized rats. As indicated in 
the tables (table 1,4 b, ¢; table 4,8), thyroxin caused a drop in blood urea, though 
to a Jess marked degree than thyrotropic hormone, in the four-hour test. Sine 
thyroxin is known to act very slowly, a number of experiments were performed 
in which this hormone was allowed to act for 24 and 52 hours. It was then 
found to lower blood-urea levels almost as effectively as did the thyrotropic 
hormone, while its effect on blood amino acids was doubtful! (table 1,5 b). 

Conversely, the administration of thyrotropic hormone to thyroidectomized 
rats caused only insignificant decreases in blood urea, while still decreasing blood 
amino acids® (table 2; table 5,1). Both the action of thyroxin in normal rats 
and that of thyrotropic hormone in thyroidectomized rats seem to indicate that 
the latter affeets blood urea through stimulation of the thyroid while its action 
on amino ‘acids may be direct. 

From these experiments it appears that the action of thyrotropic hormone on 
blood nonprotein nitrogen constituents is mainly, but not entirely, mediated by 
the thyroid gland. The question still remains whether that part of its effect 
(primarily on the amino acids) which can be elicited also in the absence of the 
thyroid is due to a direct action of the thyrotropic hormone per se or to another 
factor contaminating thyrotropic preparations. The only known contaminants 


‘Thyroxin was administered only for short periods of time (4-52 hrs.) and at compara 
tively low doses (0.02-0.25 mgm.). This was done since it was intended to duplicate the 
conditfons under which low doses of thyrotropic hormone elicit certain effects within four 
hours. It is recognized that the physiological effects of thyroxin observed under such con 
ditions may be very different from those characterizing the hyperthyroid state. This was 
indicated when in one experiment blood nonprotein nitrogen values of hyperthyroid rats 
were compared with those of controls (0.04-0.05 mgm. thyroxin daily for 11 days; Os con 
consumption 25 per cent above controls); nonprotein nitrogen was found inereased (+12 
per cent), changes in urea and amino acid nitrogen not significant. Similar differences 
between the physiological action of thyroxin and hyperthyroidism have been demonstrated 
to occur in regard to growth (14), pancreatic insulin content (24), ete 

> The oxygen consumption of apparently completely thyroidectomized rats ranged from 
98 to 131 1./m.2/24 hrs. No correlation between the oxygen consumption and the blood ni 
trogen values could be observed. In one experiment a new method for determining the 
completeness of thyroidectomy was applied by W. O. Reinhardt (25). This consists in 
treating the operated rats with radioactive iodine, then preparing radio-autographs of the 
entire region in which remnants or accessory thyroid tissue might be expected. By this 
procedure small centers of iodine concentrating tissue were found in a number of rats which 
appeared to be completely thyroidectomized by all other criteria, The effeet of the hor- 
mone on rats which were free from thyroid tissue also according to this most sensitive test 
indicated essentially the same as in animals with traces of thyroid, i.e., a lowering of the 


amino acids, but no consistent effeet on nonprotein nitrogen or blood urea. 
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Psuch preparations are the growth hormone and one of the gonadotropins, th 
iterstitial-cell-stimulating hormone (ICSH or LH). As previously stated, most 
f the thyrotropic samples used in these studies may have contained approx 
ately one per cent of the former and 10 to 20 per cent of the latter. However, 
t does not appear likely that any part of the action of thvrotropie hormone on 
the blood nonprotein nitrogen could be due to either of these contaminants s 


nee 


TABLE 2 
Effect thy opic hormone on blood n trogen const ients of thy 
n mal 
PHY ROIDE MIZED RA NORM 
J € ed ( I 
Average = Average Ave \ 
er per 
ent 
Von-protein-N 38.8 mgm.% 42.7 mgm.% 6 35.0 mgm.% 13) 40.2 
tis 
a-N IS.4 mgm.% 1) 20.7 mgm.% +30 13.1 mgm.% 9 14.4 mgm. 
ns hs ns 
Amino-acid 
Ni 7.5 mgm.% —12) 8.5 mgm.% 25 | 9.2 mgm.‘ 19 11.4 mg 
hs 
ptide N 
Serum poly 
peptide-N 7.8 18.6 mgm.% 10 (15.9 mgem.% 23 20.7 mgm.‘ 
Filtrate pep 

tide-N 1.5 mgm.% 73° 5.6 mgm.% | 4.2 mgm.% 5 4.4 mgm.! 
lotal creatinine- 

N 2.6mgem.% 3.0 mgm.% +36 | 2.3 mgm.% +5 | 2.2 mgm.‘ 
Urie aecid-N 0.2 mgm.% 0 0.2 mgm.% —33 0.2 mgm.% 33° «0.3 
Serum protein-N 1.09% 1.09% () 1.05% 5 | 1.09% 
Hemoglobin 16% —27 |22% -4 31% $35 23% 


* Kach group contained 10 female rats (8S in thyroidectomized control group), 114 days 
ld. Thyroidectomies were performed on day 72-74. Oxygen consumption of the com 
pletely thyroidectomized rats averaged 120 1./m.2/24 hours, which is 28 per cent below that 
of normal rats. The injected rats received | mgm. thyrotropiec hormone 4 hours before the 
taking of blood samples The letters in parentheses denote statistical significance 

+ The amino acids in this experiment were determined without use of the Klett photo 
electric colorimeter and are therefore not directly comparable with the absolute values of 


all other experiments which were always lower 


pure ICSH is without effect (table 4, 7) and growth hormone does not affect 
blood urea at all under conditions favorable for the action of the thy rotropie 
hormone, while lowering the amino acids only at somewhat higher levels than are 
needed of the thyrotropic hormone (table 1, 2a; table 4,3). It is recognized 
that part of the blood action might be due to an unknown hormone present in 
thyrotropic preparations; but in the absence of any evidence favoring this, it 
appears preferable to assume that all the observed effects are really due to the 
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thyrotropic hormone, an assumption which can ultimately be proven or di 
proven only by the isolation of the pure hormone. 

As in all studies of the action of pituitary hormones it appeared also here in 
portant to use hypophysectomized animals (table 5, 2). Thus when such rat 
were used only two days after the operation, they were found to react similarly t 
normal rats although great variations occurred within the group. After a long: 
postoperative period, however, the blood nonprotein nitrogen, and especially t! 


TABLE 3 
Effect of th jrotropie hormone and th Jroxrin on blood, liver and muscle nonprote n nitrog 


constituents of h ypophysectomized and normal rats* 


HYPOPHYSECTOMIZED RATS NORMAL R 
rhyrotropic Thyroxin Control rhyrotroy Phyroxin Cont 
6 rats 7 rats 7 rats 10 rats 10 rat 10 
DETERMINATIONS 
mem per mem per mem per mem per mem per mien 
percent cent | percent cent | percent ent | percent ent | percent ent | percen 
Blood: 
N-P-N 45.7 |—47 | 36.2 |—54 | 78.6 | +81 | 38.1 |—12 | 37.4 —14 | 43.3 
hs hs hs hs hs 
Urea-N 25.3 |—52 | 14.3 —73 | 52.7 |\4+230 | 13.9 |—13 | 12.7 |—21 | 16.0 
hs hs hs his hs 
a-Amino acid N.. 6.3 -7 7.3 +7 6.8 —20 7.5 |-—12 8.2, —4 8.5 
ns ns hs hs ns 
Liver:t 
N-P-N 197.0 |—25 |239.0 | —7 |258.0 +25 (202.0 -2 156.0 25 |207.0 
Urea-N 34.2 —47 | 34.1 —47 | 64.9 4116 | 29.0, —3 22.9 —24 | 30.0 
a-Amino acid-N 59.8 _—14 | 78.2 |+12 | 69.6 | +5 62.0 —3 | 55.0 14 | 63.6 
Muscle :7 
N-P-N 307.0 |303.0 —13 |348.0 | +12 307.0 | —1 (279.0 —10 /310.0 
Urea-N.. + 33.6 |—46 | 25.3 |—59 | 61.8 +147 | 24.6 | —1 | 22.0 —12 | 25.0 
a-Amino acid-N 74.7 —1 70.6 | —6| 75.0! +9 | 67.8: —2; 65.0 69.1 


* Thyrotropic hormone (1 mgm.) was given 4 hours before autopsy, thyroxin (0.25 mgm 
24 hours before autopsy. The rats were plateaued females (ca. 6 months old), hypophysee 
tomies having been performed 2 weeks prior to the experiment 

+ Livers and muscles were pooled in groups and analyses performed in duplicate or trip 


licate. 


blood urea,of untreated rats was found to be very much higher and the effect of 
thyrotropic hormone and thyroxin in decreasing these levels much more pro- 
nounced in hypophysectomized than in normal rats® (table 3; table 5, 2; table 6). 

§ Histological examination of the thyroids of hypophysectomized rats, which had received 
thyrotropie hormone four hours before autopsy, did not reveal any signs of stimulation 
This is not surprising in view of the short period of treatment; on the other hand, this finding 


does not elucidate the mechanism of the striking effeets on blood non-protein nitrogen pro 


dueed by thy rotropie hormone unde I these conditions. 
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rABLE 4 


mary the effects of hormone n blood nonp ein 7 ger 
/ 
R REPAR R . 
i € J NPN l \ 
( cle ii t 5.0 i) 
) ] 
1.0 7 { 
‘ 
Globulin etl $0 (10 295 (10 if 
13 
2.0 (10 
1.0 11 (42 13 (60 
0.5 7 (10 O10 
0.25 
0) 125 > 
(srowth hormone 0) 19 17 Q 
3.0 6 (20 + (20 13. (20 
2.5 1 (4 
2.0 5d (10 
1.0 1 (2) (55 
0.5 } lt 
Phyrotropic hormone 3.0 15 (20 33 (10 
2.0 (14 
1.0 13. (SO 16 (44 10 (72 
0.5 10 (24 19 (10 16 (24 
(0).25 15 12 
0.15 12 
0.075 4 
Lactogenic hormone 2 10 7 10 1] 1() 
1.0 7 q 
0.75 6 
Adrenocorticotropic hor +19 (10 12 (10 10 
mone 2.0 l 
7. Gonadotropins: I¢ SH 1.0 (20 0 (20 7 (20 
FSH + ICSH; each 1.0 +‘) 
S. Thyroxin 0.1 11 (20 10 (20 6 (20 
0.02 3 (10 » (10 » (10 
, Figures in parenthe ses denote the number of treated animal it each dose level 


Yet growth hormone and ICSH were found not to cause significant effects on 
blood nonprotein nitrogen and urea even in such operated rats, thus confirming 


previous results in normal rats (table 5, 2). In contradistinetion to the pro 
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nounced increase in blood urea, the blood amino acid concentration was found 
to be slightly lowered by hypophysectomy; also the action of the various hoi 
mones appeared to be similar to that in normal rats, thyrotropic lowering it mor 
markedly than growth hormone, and ICSH having no effect (table 5, 2). 


In a number of experiments other constituents of the nonprotein nitrogen 


were also determined. Of these uric acid, total creatinine and glutathione (thiol 
were found either lowered or unaffected by thyrotropic hormone. Both highe 
and lower polypeptides were generally decreased by the hormone (table 2). 
Mechanism. It can thus be regarded as established that the thyrotropic but 
not the growth hormone causes rapid decreases in blood nonprotein nitrogen 


TABLE 5 
NS dmmary of the effects of hormones on blood nonprote in nitrogen constituents of operated rats* 


HORMONE PREPARATION HANGE, COMPARED WITH RESPECTIVI INTROLST 


Type of hormone Dose » Urea N Amino acid N 


per cent per cent 
1. Thyroidectomized 
= ‘ 10, ns 
rhyrotropic hormone 
ns 
Thyroxin 


2. Hypophysectomized 


Thyrotropic hormone 
Growth hormone 


ICSH ns 
Thyroxin* 2: 5 , hs 


ns 
7, hs 

* Only completely operated animals were included in the tables. All rats were injected 
t hours before the collecting of blood samples, except the group receiving thyroxin, marked 
by an asterisk, which was injected 24 hours before autopsy 

+ Figures in parentheses denote the number of injected animals, the letters statistical 
significance 

t The rats in this group were used two days following the operation, all other groups were 


from 2 to7 weeks postoperative 


and urea, while both hormones lower the amino acid concentration of the blood.’ 
It has furthermore been shown that thyroxin has a similar action on blood urea 
as the thyrotropic hormone. The lack of a pronounced effect on blood urea if 
thvrotropic hormone was given to thyroidectomized rats as well as the effective- 
ness of thyroxin suggest that this action of the pituitary is mediated by the 
thvroid. However, a comparison of the blood urea of untreated rats of various 
tvpes suggests that this may not be the only mode of action of the pituitary 


7 Paschkis (26, 27) suggested that the growth hormone was probably not identical with 
the ‘‘protein metabolism hormone.’’ We were unable to confirm his claim that the latter 
hormone can be demonstrated in the urine after a high protein diet 


1.0 17 (10. s 10 (10, ns 9 (10, ns 
1.0 —35 (22, hs 13 (22, hs —9 (22,8 
0.2 —5 (7, ns 0 (7 —4 (7, ns 
1.0 +11 (9. ns (Q. ns 10 (6.8 
] 
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ormone (table 6). If blood urea were decreased only by the thyroid hormone, 
thvroidectomized rats would be expected to have higher blood urea levels than 
vpophysectomized rats. Actually, the blood urea level increases much more 
-trikingly after hypophysectomy than following removal of the thyroid. Even 
\ore surprising is the pronounced and rapid urea-lowering effect of thyrotropic 
ormone in hypophysectomized rats, without evident stimulation of their atro 
hie thyroids. These findings suggest another possible interpretation, namely, 
that both the thyroid hormone and thyrotropic hormone directly lower blood 
irea. If that is so, the blood urea of thyroidectomized rats should still be com- 
varatively well controlled through the action of the thyrotropie hormone which 
s probably secreted at an increased rate in the absence of the thyroid. On the 
other hand, the hypophysectomized rat, deprived of both the tropic and most of 
the thyroid hormone would be expected to show high blood urea levels, which 
can be effectively and rapidly lowered by administration of either of these hon 


TABLE 6 
Concentration of blood nonprotein nitrogen constituents of uninjected rats 
NPN UREA-N MINO ACID N 
NUMBER 
TYPE OF RAT 
Group Potal Group Fotal Grou I 
average average average average average average 
mem. per mem. per mem. per mem. per mem. per mem. per 
cent cent ent cent ent 
Phyroidectomized 10 412.5 20.6 
42.4 $1.4 20.7 4 8.2 
10 39.0 60S 
Hypophysectomized 7 85.6 
11 78.6 69.8 16.5 6.8 9 
on 
Normal ca. 232 38.9 15.8 8.49 


mones. It is hoped that this hypothesis may be tested by the use of doubly 
operated (hypophysectomized-thyroidectomized) rats. 

For the mechanism of the described hormonal action on the blood-urea level, 
the following possibilities have to be considered: a, an action on the kidney, 
increasing the rate of excretion of urea; b, a change in the distribution of the body 
fluids, leading to hemodilution, and c, a decrease in the rate of production of urea. 

Several experiments were performed to elucidate this question. a. Nitrogen 
excretion was determined upon several occasions. In one experiment, two 
individual 24-hour urine samples were collected from rats which were treated 
with thyrotropic hormone or thyroxin for two days preceding the taking of blood 
samples’ (table 1, 5). It was found that thyrotropic hormone caused some 
retention of nitrogen when compared with uninjected controls, while thyroxin 
had no effect. In another experiment with hypophysectomized rats, the urine 


* This experiment was performed in co-operation with Dr. W. Mars 
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was collected during the four hour period of hormone treatment. While blood 
and tissue urea were lowered by 25 per cent by administered thvrotropic hor 
mone, the nitrogen excretion was similar in injected and untreated rats. These 
findings clearly indicate that the lowered nonprotein-nitrogen levels produced 
by thyrotropic hormone and thyroxin cannot be attributed to an increased exere 
tion of urea. 

b. Ina number of experiments nonprotein-nitrogen constituents of muscle and 
liver were determined, besides those of the blood. It was then found that thy 
roxin lowered tissue nonprotein nitrogen and in particular urea of hypophysec- 
tomized rats almost as much as the corresponding blood levels. Thyrotropic 
hormone, at the dose employed, affeeted liver and muscle values of hypophysec 
tomized rats similarly but in normal rats it produced only small decreases in 
tissue nonprotein nitrogen, urea and amino acids (table 3). Growth hormone 
showed no appreciable effect on any of these levels. The above findings indi- 
eate that the action of the thyroid on blood urea is accompanied by a similar 
action on tissue urea; it does not therefore appear probable that the observed 
blood effects can be due to a shift of water from the tissues into the bloodstream. 
To test for this possibility, however, blood hemoglobin and serum proteins were 
included in the determinations in a number of experiments (table 2). Serum- 
protein nitrogen was regularly found to be close to 1.1 per cent in injected as well 
as in control groups. Hemoglobin content was found quite variable within each 
group, so that the observed increases of 12 and 35 per cent in the averages of the 
thyrotropic-hormone treated rats above those of the controls are probably coinci- 
dental. In any case, hemodilution must be excluded as a possible explanation 
of the observed hormone action. 

c. A decrease in the rate of production of urea therefore seems the only prob- 
able explanation of the observed facts. In that case, the action of the hormone 
would be through the liver. Actually, thyroid feeding has been shown to in- 
crease the d-amino acid oxidase content of liver (28), and both thyrotropic hor- 
mone and thyroxin were found to increase liver weights (11,29). If it is assumed 
that the increase in d-amino acid oxidase content is paralleled by an increase in 
l-amino acid oxidase, this would tend to suggest a greater rate of amino acid 
breakdown and urea formation. But it is possible that it actually only indicates 
a high rate of protein metabolism, anabolic and catabolic, with rapid transamina- 
tions rather than deaminations. However, as in so many other cases, when the 
action of thyroxin is studied, the dose may be of primary importance; thus, the 
observed effect may be characteristic only of the hyperthyroid state which is well 
known to lead to rapid protein catabolism. On the other hand, the effects on 
blood urea observed in the present study were produced in animals which were 
definitely not hyperthyroid; they suggest the necessity of further studies of 
various enzyme systems under similar conditions. Besides possible effects on 
amino-acid oxidases, changes in the concentration of enzymes more closely asso- 
ciated with the formation of urea might be searched for. For such reasons, 
liver-arginase determinations have been undertaken (30). The explanation of 
the mechanism of the action of thyroxin on blood urea has to be postponed until 
these and similar studies have been completed. 
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SUMMARY 


1. Purified pituitary hormones were investigated regarding their ability to 
lecrease blood and tissue nonprotein-nitrogen constituents within a four hou 
test period. 

2. Urea, the main component of the blood nonprotein nitrogen, was found to 
e decreased only by thyrotropic hormone and not by growth hormone, as 
velit rally beheved. 

3. Both thyrotropic and growth hormones were found to lower blood amit 
icids, the former more effectively than the latter. 

!. The action of thyrotropic hormone on blood and tissue urea could be repro 
duced also by the administration of thyroxin and thus appears to be mediated 
by the thyroid gland. The action of thyrotropic hormone on blood aminoacids, 
on the other hand, was not given by thyronin. 

5. In thyroidectomized animals thyrotropic hormone was still effective in 
lowering blood amino acids, while its action on blood urea was doubtful. 
6. The high blood and tissue nonprotein nitrogen and urea of hypophvse« 
tomized animals was lowered strikingly by both thyrotropic hormone and 

thvroxin, the former but not the latter also affecting blood amino acids 

7. These findings were tentatively interpreted as indicating that thvrotropie 
hormone lowered blood urea directly as well as through stimulation of the thyroid 
gland, while controlling the amino acid level only by a direct action 

8. Evidence was adduced showing that the observed decrease in blood urea 
was not due to increased excretion, nor to hemodilution, and therefore appeared 


to be caused by a decreased production of urea in the liver. 
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According to Funk (1) vitamin A was observed to be biologically inactive 
unless administered by Wal of the gastrointestinal tract. Wollman and Vag 
liano (2), on the other hand, reported that cod liver oil of unstated potency was 
curative when given to vitamin A deficient rats whether administered orally, 
subcutaneously or intraperitoneally. However, these data did not permit. a 
satisfactory comparison of the relative effectiveness of such therapy by the routes 
of administration tested due to severe local intolerance to the parenteral injes 
tions, with a high resultant mortality. 

Blegvad (3 materially ameliorated the svinptoms OF a severe ophthalmia in} 
man by means of two subcutaneous injections of a 10 per cent olive oil solution 
of a potent cod liver oil concentrate: six such injections gave complete symp 
tomatic relief. Bloch (4) was able to relieve the ophthalmia of a nine-vear old 
boy by means of intramuscular injections of oil containing vitamin A 

Koehne and Mendel (5) reported that vitamin A was utilized by the rat fol 
lowing parenteral administration of potent oils. The degree of utilization noted 
was better after subcutaneous than after intraperitoneal injections, but utiliza 
tion after oral medication was quite superior to that noted after either parenteral 
route. Leak (6) also noted that clinical improvement was usually observed in 
suitable cases following the parenteral injection of a concentrate containing 
Vitamins A and D. 

Isaacs, Jung and Ivy (7) observed no difference in the degree of utilization of 
vitamin A by normal adults or by persons in whom an attempt was made to 
produce a vitamin A deficiency by dietary measures, whether medication with 
vitamin A was by the oral or intramuscular routes. The subjects were tested by 
means of the Hecht adaptometer and the biophotomete: 

Recently, Lease, Lease, Steenbock and Baumann (8) reported studies of the 
comparative values of injected carotene and vitamin A. They conclude that 
intraperitoneal or subcutaneous injections of aqueous colloidal suspensions o1 
oily solutions of carotene are effective in the treatment of A-avitaminotic rats, 
but that the amounts needed are from 10 to 100 times as great as when the exro 


tene is given orally. Hepatic storage of vitamin A was found to be very poo! 
following parenteral injections, since carotene was deposited in various sites, and 


was only partially available to the animal. Much of the injected carotene could 
not be traced. 

Bv contrast vitamin A given parenterally in colloidal aqueous suspension in 
weekly dosages of 30 to 750 Blue units was found to be as effective as when given 
orally. Oily solutions were more effective orally. 
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Preliminary experiments in this laboratory indicated, on the basis of the off 

cial (U.S.P.) biological assays, that the curative effects of oil dilutions of vitami: 
A concentrates injected intramuscularly were quite inferior to the same dosage- 
given orally. The lack of any concise information of quantitative value in thi 
literature as to the comparative degrees of utilization of vitamin A when give 
by the oral and parenteral routes suggested the need of suehdata. Accordingly 
this paper presents the results of parallel U.S.P. biological assays after the oral 
or intramuscular administration of standard doses of the following preparation- 
of vitamin A: 1, a vitamin A eoncentrate in sesame oil; 2, the U.S.P. vitamin A 
reference oil no. 2, and 3, vitamin A concentrates in propylene glycol. 

Merruops. The assay procedures duplicated in all respects those described 
for biological assays of vitamin A in the U.S. Pharmacopoeia XT, Second Suppl 
ment. However, in one series of animals the reference oil was administered as a 
weekly (rather than daily) oral dose in order that a direct basis for comparison 
with weekly intramuscular doses would be available. The oral supplements wer: 
of such concentration that the daily dosage was contained in a volume of 0.1 ce 
When the fraction was given once weekly it was contained in 0.2 ce. Excep 
tionally, due to poor nutrition, the voluntary oral intake of the vitamin supple 
ment was either slow or unsatisfactory. Under such conditions the supplement 
was given by stomach tube until such time as the animals would consume it — | 
voluntarily. 

Intramuscular injections in oil were made into the belly of the gluteal muscle 
The weekly doses were given on alternate sides in 0.1 ce. In biweekly injections — | 
alternate sides were also used, and a volume of 0.05 ce. was given by means of a 
special 0.25 ec. syringe. 

The propylene glycol supplements were given in the following volumes: daily 
oral, in 0.05 to 0.025 ec.; weekly intramuscular, in 0.1 to 0.05 ce.; single intra- 
muscular, in 0.1 ce. The smaller volumes were preferable in that any loeal in- 
tolerance was minimized and oral supplements were more readily consumed. 
In addition to the usual criterion of weight gain, careful attention was given to | | 
the possible presence of ophthalmia and its severity. Readings were made at the 
beginning ‘and at intervals during the assay period. The numerical data are 
presented in table 1. 

Discussion. It is evident that vitamin A in oil either in the form of a con- 
centrate, or in the form of cod liver oil (reference oil), when administered intra- 
muscularly, is only from 10 to 15 per cent as effective as when given orally. 
Weekly oral administration, as would be expected, is not as effective as the same 
Vitamin supplement divided into daily oral dosages. Subdivision of the weekly 
intramuscular supplements into biweekly dosages increases the effectiveness 
noticeably. 

Qn the other hand, when vitamin A is administered intramuscularly in pro 
pvlene glycol it appears to be at least as effective as when given orally in the same 
menstruum. Even when the entire medication for the 28-day period is given as 
a single dose, the weight gain corresponds approximately to that noted for the 


control daily oral dosage series. This indicates that this solvent in contrast to 


' 
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PABLI 
f min } 
« 
Vitamin A in se Oral Daily 2 1] () 97 0.94 0.20 17.2 
same oil. 50.0000 Oral Dai 11 O30 
inits per. Intran W ex ( 
January Intram We () 0.7 1.14 10 
Intram Woe } 2 0) () 1.25 | 2.16 
SP reference oil Oral Daily () 10 () 0.50 
no. | Febru- Oral Daily 2 0) 10 0 1.75 0.65 19 
ry Oral Daily 3 10 0) 0 1.40 | 0.05 74.3 
Intrar Weekls 10 10) 0 0.60 0.90 13.1 
Intram Weekly 0 Q 0.12 0.62 
Intram Weekly 12 0 0) 0 0.14 | 0.0 24.9 
Intram Biweekly 12 10) 20) () 0.25 | 0.0 5 
Vitamin Ain pro Oral Daily 2 Zo 16.5 16.5 1.48 1 62 17 
pvlene giveol) Intram Single dose 3 12 16.5 | 25 1.86 1.40 16.0 
80,000 units per Intram Single dose 12 25 1.12 | 0.42 2 
(July Intram Single dos 0 0) 1.00) 0.40 13.2 
Same is hove Oral Dail l 11 IS \) 0.12 | 0.37 17.s 
rigerated 5 Intram Weekly ] 12 16.5 0 0.25 0.0 2) 
weeks (August Intram Weekly 2 12 () 0 0.75 0.50 x) | 
Intram Weekly 22 0 1.30 | 0.43 53.7 
Vitamins Aand Oral 1) 2 1] IS 0 0.77 0.50 26.0 
in propylene Intram Weekly 2 1] 0 0) 0.77. 0.09 
glveol \ugus Intran W 7 (0) 0 1.07 0.0 53 1 
USP reference oil Oral Daily 10 10 0.2 0.) 17.9 
no, 2 (August) Oral Daily 12 S.5 0 0.45. | 0.2 29 3 
Oral Daily 3 10 0) () 0.10 O.15 5 
A molecular distillate of vitamin A (biologically standardized Diluted with sesame 
il from 200.00) to 50.000 units per c 
Prepared from an aleohol soluble vitamin A concentrate of high potency Stabilit 
vitamin A satisfactory after 63 months of storage at 37.50 ¢ 
t Prepared as above: 24,800 units of viatmin A per ce. with 2,000 USP units of vitan 
1), as ervstalline caleiferol added 
§$ Animals that gained less than 25 per cent of the entire group average were not includ 


© Rated aceording to the standard scheme used by the | S. Pharmine ypocia Ad 


The figures ure averages tor only those animals not disenrded because of death 
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oil permits a satisfactory absorption from the muscle, and may be attributed 
to the facet that propylene glycol is readily miscible with the tissue fluids, whereas 
oil remains in depots for considerable periods of time and probably permits de 
struction of vitamin A at the site of injection. Weekly intramuscular injections 
in propylene glycol are even more effective than the same dosages given in daily 
portions orally, and responses from such medication compare favorably with the 
same number of units (in oil) given as daily supplements. 

The data on the anti-xerophthalmic effects of medication of the animals support 
the conclusions as to relative effectiveness drawn from the data on body weights, 
but permit a clear cut differentiation as to differences in absorption rates with 
the different solvents. 

These data in general confirm and extend those previously reported, but permit 
a quantitative comparison by U.S.P. methods (or necessary modifications) of 
the effects of oral and intramuscular routes of administration of vitamin A in oil 
and in propylene glycol. We are in agreement with Lease et al. that unit growth 
responses require much larger amounts of oil solutions of vitamin A when given 
by the parenteral route, than are required in oral administration. When oily 
solutions of vitamin A are injected intramuscularly, large amounts of the oil and 
solute remain in situ. Utilization of the vitamin is poor partly because of lack 
of absorption, but also because of destruction at the site. The curative effects 
of injections of vitamin A in propylene glycol would seem to be qualitatively 
comparable with those of Lease et al. after injections of colloidal aqueous sus- 
pensions. 

Our data indicate that solutions of vitamin A in propylene glycol are utilized 
equally well whether given intramuscularly or orally. Utilization of the usual 
weekly dose was equally satisfactory whether given as a single injection or at 
biweekly intervals. These studies suggest that stable propylene glycol solutions 
of vitamin A may offer an additional approach to the clinical problem of therapy 
of acute vitamin A deficiencies. 

SUMMARY 


Vitamin A administered intramuscularly in oil to vitamin A deficient rats is 
approximately 10 to 15 per cent as effective as the same material given orally. 

On the other hand, solutions of vitamin A in propylene glycol are at least as 
effective by the intramuscular route as when given orally, even when the oral 
supplements are given in a larger number of doses. The effectiveness of intra- 
muscular injections, whether in oil or in propylene glycol, increases with the 
division of the dose. 
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Within recent years the introduction of bulbar tractotomy for the relief of 
trigeminal neuralgia (SjOqvist, 1938) has stimulated interest in the detailed 
arrangement of trigeminal connections within the medulla oblongata. De 
generation studies after differential section of the sensory root in animals (Davis 
and Haven, 1933) and clinical observations in cases of posterior inferior cerebellar 
artery occlusion (Smyth, 1939) have given support to the view that the bulbar 
representation of the trigeminal nerve is a divisional one, i.c., the fibers from the 
three divisions of the nerve run separately down the spinal fifth traet. Other 
observers (Déjérine, 1914) have postulated an ‘onion peel” representation, in 
terms of concentric zones of the face extending outward from the peri-oral 
region. 

It appeared that evidence for one or the other of these conflicting views might 
be obtained by resort to a technique not heretofore emploved in this connection, 
and in the present study the bulbar projection of the trigeminal nerve has been 
studied by examining the distribution of action potentials evoked by single 
shock stimuli applied to peripheral trigeminal branches and recorded centrally 
with the cathode ray oscillograph. 

Meruops. In a series of cats, anesthetized with nembutal or decerebrated 
under ether, the supraoptic branch of the ophthalmic nerve, one or more fascicles 
of the infraorbital branch of the maxillary nerve, and the anterior mental 
branches of the mandibular nerve, were routinely emploved tor stimulation at 
the face. The stimuli consisted of single condenser discharges delivered through 
a transformer. 

The action potentials evoked were recorded from the interior of the medulla 
with a steel needle electrode, insulated except for 0.1 to 0.2 mm, at the tip, and 
oriented within the brain with the Horsley-Clarke instrument in the manner 
described by Ranson (1934). An indifferent electrode was placed on the frame 
of the instrument or in the cerebellar cortex. The potentials were amplified 
with a resistance-capacity coupled differential amplifier and visualized with a 
cathode ray tube. The stimulus was synchronized with the sweep of the oscillo 
graph so that a single sweep and a single shock could be produced with a manual 
switeh. Exploration was undertaken in a systematic fashion and in each ex 
periment the points of recording were subsequently determined by microscopic 
examination of Weil or cresyl violet stamed sections cut serially by the trozen 
section method of Marshall. 

1. CHARACTERISTICS OF RECORDED POTENTIALS. Potentials from the sensory 
trigeminal root and the spinal fifth tract. When a single supramaximal shock is 


1 Aided by a grant from the Rockefeller Foundation 
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applied to a group of trigeminal fibers at the face, and the tip of the recording 
electrode is in contact with the central processes of these fibers in their intra 
medullary course within the sensory root or the spinal fifth tract, the unvarving 
sign of their activity is the fast positive spike seen in figure 1, 1, 3A, 4A. This 
spike commences after a lateney of about | msec., and both peripheral and 
central measurements indicate that it signalizes the discharge of fibers conduct 


ing at arate between 40 and 50 meters per sec. This rapid conduction rate is in 


keeping with the low threshold of peripheral stimulation required for its clicita 


tion, which is that of mammalian A fibers. When two stimuli to the same nerve 
are employed, the second primary afferent spike is conducted unattenuated at an 
interval of 3 msee. (fig. 1,3B). [tis relatively resistant to anoxia (fig. 1, 4A—-D), 


msec. 


Fig | \etion potentials reeorded from the spinal fifth tract 1. 3, 4) and spinal fifth | 
nucleus (2) upon stimulation of an infraorbital braneh of the trigeminal nerve at the face 
The appliertion of supramaximal shocks is indicated by arrows. In 3 the intervals 
between shocks are 3, 8.5, 15, Sl and 145 msee Records 4 B-D were taken 40, 90 and 120 
seconds after stabbing the heart Amplification in 4 from another « xperiment is 5 times 


that of 1, 2 and 3 In all reeords an upward deflection indicates POSITIVITY at the needle 


electrode 


The initial positive spike is followed by a more variable later positive wave 
fig. 1,1, 3A, 44), which a number of characteristics suggest to be the result of a 
potential change within the adjacent spinal fifth nucleus, rather than a sign of 
activity of slower conducting primary afferent neurons within the tract. This 
later positive wave Is more pronounced when the recording tip of the electrode 
is located medially in the tract, near the spinal fifth nucleus. It has not been 
encountered when leading from the intramedullary course of the sensory root 
anterior to the spinal fifth nueleus. The threshold of peripheral stimulation for 
producing the second wave is the same as that for the initial fast spike, whereas 


if slower conducting fibers were concerned it might be expected to be higher 


* When tested with two stimuli, the excitability evele of the neural elements re 
sponsible for the late positive wave is found to be remarkably longer than that 
of those whose activity causes the initial fast spike (fig. 1, 3A-F). The seeond 

a wave is completely absent at testing intervals up to 15 msee. (fig. 1, 3B, Cand D) 
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ind its relatively unresponsive period persists for 160 msec. (fig. 1, 31 and | 
In other experiments the absolutely unresponsive period has ranged between 
10 and 20 msec. and the relatively unresponsive period between 70 and 160 
msec. The late positive wave is quite sensitive to anoxia and figure 1, 4A 1D 
shows its disappearance at successive intervals after stabbing the heart, while 
the initial spike remains unaffected. Tf slower conducting primary afferent 
fibers were concerned here, it might be expected that they would be no more 
susceptible to anoxia than fast conducting fibers, or indeed less so. In other 
experiments the time course of depression ot the late wave with anoxia, mnduced 
by breathing nitrogen, was found to be similar to that of potentials derived trom 
the spinal fifth nucleus; and full recovery upon again breathing air was sub 
sequently encountered, 

Potentials from the spinal fifth nucleus. With the recording electrode in the 
nucleus of the spinal fifth tract, stimulation of a trigeminal branch at the face 
leads to a discharge of secondary trigeminal neurons signalized by a large positive 
deflection commencing 0.5 to | msec. later than the discharge of primary neurons 
in the spinal fifth tract (fig. 1, 2; fig. 2, 2A The svnaptic delay in the instances 
shown amounted to O.8 and 0.9 msec., respectively. Almost invariably the 
nuclear discharge is preceded by a small positive noteh (fig. 1, 2; fig. 2, 2A 1D), 
which coincides temporally with the discharge of primary neurons within the 
tract. Whether this is recorded directly from the terminals of primary fibers 
ramifving within the nucleus, or as a result of “eleetro-tonic spread” from. the 
large concentration of primary fibers firing in the nearby spinal fifth tract, cannot 
he said. The fact that this primary notch is present in records taken from. the 
reticular formation medial to the nucleus of the spimal fifth traet (fig. 2, 3A bh 
appears to favor the latter possibility. 

The constant aspect of the configuration of the nuclear spike is the fast rising 
phase which attains a peak about 1 msec. after its Commencement, and reflects 
fairly closely the period of discharge of primary neurons in the spinal fifth tract 
The descending limb of the nuclear spike is always prolonged bevond the period 
of discharge of the primary fibers, however (fig. 1, | and 2; fig. 2, 1B and 2A 
and the duration of the descending limb exhibits great variability Nuclent 
spikes of all durations between 2.5 and 17 msec. have been observed. \t dura 
tions of 2.5 msee., the nuclear wave is spike-like and suggests the svncehronous 
discharge of a group of similar secondary neurons. Waves of longer duration 
mav be attributed either to the discharge of additional neurons or to the repeti 
tive firing of those responsible for the early part of the wave 

As might be expected the recovery times of different nuclear spikes are also 
variable. The early phase of the excitability evele of a nuclear spike of rather 
short duration is shown in figure 2,2B D. It is seen that the secondary neurons 
are relatively unresponsive after activity for a far longer time than are the 
primary afferent neurons (fig. 2, 1B). In different preparations the absolutely 
unresponsive periods of elements responsible for the nuclear spikes range by 
tween 3 and 6 msec., and the relatively unresponsive states persist for trom 30 


to 170 msee 
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Records taken from the adjacent reticular formation, medial to the nucleus o1 


the spinal fifth tract and in the region of passage of axons emerging from it, are 


similar to those from the nucleus itself. The discharge shown in figure 2, 3A, 


recorded from the reticular formation 1 mm. from the edge of the spinal fifth 


nucleus, is remarkable for its prolonged duration. A series of records, showing 


the effect of a testing volley following a conditioning volley at increasing in 
tervals (fig. 2, 3B-E), demonstrate that the recovery time for the elements pro 
ducing the delaved activity ts different from that of those responsible for the 
initial phase of the wave, which presumably represents the discharge of axons 
of the secondary trigeminal neurons. It is suggested that the delaved discharge 
is the result of the activation of interneurons, and such presumed indications ot 
internuncial activity have been encountered from within and close to the spinal 


2. Action potentials recorded from the spinal fifth traet (1), spinal fifth nucleus 


Fig 


2), and reticular formation 1 mm. medial to spinal fifth nucleus (3), upon stimulation of 
an infraorbital branch of the trigeminal nerve at the face. Intervals between shocks: 
in 1 B, 4 msee.; in 2 B-D, 3.7, 5.8 and 11.3 msee.; in 3 B-E, 7.8, 17, 34 and 57 msee. Ampli- 


fication same in all. 


fifth nucleus in many experiments. Although no detailed analysis has been 
made to clarify its derivation, the presence of a later negative deflection following 
the nuclear spike should be noted (fig. 2). 

Il. INTRAMEDULLARY REPRESENTATION OF THE TRIGEMINAL NERVE. Spinal 
fifth tract. In their course in the sensory root and spinal fifth tract the primary 
afferent fibers of the three trigeminal divisions are laminated in a dorso-ventral 
order which is the inverse of their peripheral distribution in the face, as is shown 
in figure 3. In this instance, the needle electrode was inserted into the rostral 
part of the left spinal fifth traet and halted at half millimeter intervals | to 7. 
At each stop records were taken of the electrical activity induced by serially 
stimulating peripheral branches of the mandibular, maxillary and ophthalmic 
divisions of the trigeminal nerve. It can be seen that fast positive spikes from 
fibers of the mandibular division, shown by squares, were obtained at stops 2 
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and 3 in the dorsal part of the spinal fifth traet (fig. 3 Those from the manil 
larv division, shown by circles, were found at stops 4, 5 and 6, chiefly 4 and 5, 
in the intermediate part ol the tract, and those from. the ophthalmic division, 
shown by triangles, from stops 6 and 7 in the ventral part of the traet (fig. 3 
The results demonstrate that the representation of the trigeminal nerve within 
the spinal fifth traet is by divisions, and the arrangement of the divisions is the 


inverse of their peripheral distribution, the mandibular division being situated 
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Fig. 3. Electrode lowered into left spinal fifth traet and halted at half millimeter inter 
vals 1 to 7. Reeords of potentials induced by serially stimulating branches of the thre 


trigeminal divisions at each stop are shown 


dorsally, the maxillary division in an intermediate position, and the ophthalmic 
division ventrally in the spinal fitth tract. 

Further data are shown in figure 4 on drawings of transverse sections of the 
medulla, upon which are indicated the results of a number of experiments 
With the trigeminal divisions designated as in figure 3, points from which pri 
mary spikes were recorded are shown with stippled symbols and those vielding 
spikes from secondary neurons, with solid symbols. At the level of figure 4 A, 
the rotation of the sensory root (Davis and Haven, 1933) is not vet complete 
Here the mandibular, maxillary and ophthalmic fibers are respectively in the 
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dorso-lateral, intermediate and ventro-medial parts of the sensory root 
Throughout the main extent of the spinal fifth tract (fig. 4, B,C, D), the dorso 
ventral lamination of the three divisions seen in figure 3 is encountered. Spikes 
from primary afferent fibers of the mandibular division were recorded as far 
caudally as the level of the obex (fig. 4 EF). Mawillary and ophthalmic fibers 
were detected as far caudally as the first cervical segment (fig. 4 F). 

Main sensory and spinal fifth nucleus. Secondary trigeminal spikes recorded 
from the main sensory nucleus (fig. 4 A) and the nucleus of the spinal fifth 


Fig. 4. Six transverse levels through the medulla of the eat showing the distribution 
of points from which action potentials were recorded upon peripheral trigeminal stimula 
tion. Symbols as in figure 3. Abbreviations are as follows: 

BC, brachium conjunctivum; DLF, dorsolateral fasciculus; DP, decussation of pyra 
mids; /7¥, hypoglossal nucleus; JO, inferior olivary nucleus; LC, lateral column; WLF, 
medial longitudinal fasciculus; MNS, main sensory nucleus of trigeminal; WV, motor 
nucleus of trigeminal; PC, posterior column; ?Y, pyramid; RB, restiform body; SO, su 
perior olivary nucleus; S.V, nucleus of spinal fifth traet; SV, spinal fifth traet; TB, trape 
zoid body; T'S, tractus solitarius; VR, sensory root of trigeminal; VV, vagal nucleus; 7, 


genu of facial nerve 


tract (fig. 4 B-D) were similar in configuration. Throughout the extent of the 
spinal fifth nucleus a tendeney was indicated for a dorso-ventral lamination ot 
the three trigeminal divisions similar to that in the spinal fifth traet, but with 
greater overlap (fig. 4 B-D). No rostro-caudal projection of trigeminal divi- 
sions upon the secondary neurons of the spinal fifth nucleus could be detected. 

Secondary trigeminal pathways. Potentials of smaller magnitude, but of about 
the same latency as the nuclear spikes, were recorded from points distributed 
through the reticular formation and over into the medial part of the opposite 
side of the medulla, through its rostro-caudal extent (fig. 4). These are attrib- 
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uted to the discharge of secondary trigeminal connections, which appear to 
course through the reticular formation as arcuate fibers and pass to the ventro 
medial part of the opposite side of the medulla in considerable numbers. From 
this region they may be followed forward in the medial lemniscus to the thalamus 
Magoun and Mehinley, 1942). In this part of their course the connections 
from the three trigeminal divisions appear to be indiscriminately mixed. — Indi 
cations of reflex connections with bulbar motor nuclei have also been encountered 
“Onion peel” theory. In other experiments, comparison of the distribution 
of fibers from two mandibular branches, the anterior mental and the auriculo 


temporal, was made as a test for the “onion peel” theory of trigeminal repre 


sentation within the medulla. Since the areas innervated by these two nerves 
are respectively at the center and periphery of the “onion,” a significant dif 
ference in the central distribution of their fibers should be expected. Their 
course in the spinal fifth tract and their most caudal extent, as detected by this 
method of study, were, however, identical. In addition, the distribution of 
secondary neurons in the spinal fifth nucleus which were fired by fibers of thes¢ 
two branches was the same. It is difficult to postulate other than a divisional 
representation in the face of such findings. 

Discussion. The results of these experiments support the view that the 
representation of the trigeminal nerve in the spinal fifth tract is a divisional one, 
both as regards an inverted dorso-ventral lamination and as regards a varying 
rostro-caudal extent. A divisional representation in the secondary neurons ot 
the spinal fifth nucleus is also demonstrated to the extent of a dorso-ventral 
lamination similar to that in the spinal fifth tract, but with greater overlap. 
No definite rostro-caudal projection upon the secondary neurons could be 
detected, however, for secondary spikes were recorded throughout the extent 
of the spinal fifth nucleus in the case of each trigeminal division. 

The only action potentials recorded from the spinal fifth tract and clearly 
identified with primary afferent fibers in these experiments have been from 
fast conducting and, presumably, large fibers. The results of Harrison and 
Corbin (1942) indicate that they mediate the sensation of touch. Potentials 
from fine and, presumably, slower conducting fibers, which have been shown 
to descend in the spinal fifth traet by Windle (1926), could not be detected and 
the distribution of these fine fibers could not be determined. 

The bulbar course of trigeminal afferents in the spinal fifth traet and nucleus 
constitute an anatomical arrangement which is analogous to the connection of 
dorsal root afferents with sensory neurons of the dorsal gray column of the 
spinal cord and the potentials recorded from the spinal fifth tract are similar to 
the afferent cord potentials recorded by Gasser and Graham (1933) and Hughes 
and Gasser (1934). In both eases there occurs a fast spike followed by a more 
disperse intermediary wave. The initial deflection is attributed to the dis 
charge of primary afferent fibers, and the later wave to the subsequent firing 
of adjacent neurons, which in the trigeminal svstem can be recorded from, in 
relative isolation, in the nucleus of the spinal fifth tract 
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SUMMARY 


The character and distribution of action potentials recorded from points 
within the medulla of the cat upon electrical stimulation of peripheral branches 
of the three trigeminal divisions are described. 

In their course in the sensory root and spinal fifth tract, fast conducting fibers 
of the three trigeminal divisions are laminated in a dorso-ventral order which 
is the inverse of their distribution in the face. Fibers of the mandibular division 
are detected as far caudally as the obex; those of the maxillarv and ophthalmic 
divisions as far caudally as the first cervical segment. 

The neurons of the spinal fifth nucleus fired by primary fibers of the thre: 
trigeminal divisions are laminated in a dorso-ventral order similar to that ot 
the spinal fifth tract, but with greater overlap. Secondary trigeminal pathways 
pass diffusely across the reticular formation to the ventro-medial part of the 
opposite side of the medulla and ascend in relation to the medial lemniscus. 
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When histamine is placed in the body in watery solution, it is absorbed rap- 
idly and its effects are of relatively short duration (Dale and Laidlaw, 1910 
The present investigation was undertaken with the aim of developing a pro- 
cedure whereby the period of action of single injections of histamine could be 
extended so that the effects of prolonged, continuous action of histamine might 
he studied. 

EXPERIMENTAL PROCEDURE. The principle of the various procedures used in 
trving to extend the action of histamine was to mix it with a material which 
would be absorbed slowly, the aim being to have histamine gradually liberated 
from the site of injection. Two tests were used to determine the rate of ab- 
sorption of histamine from the injected mixtures. In the first test, using guinea 
pigs, a comparison was made between the effects of large doses of histamine in 
saline solution and similar doses of histamine in one of the mixtures. While 
this test was satisfactory for the preliminary identification of slowed absorption 
of histamine, it did not give anv measure of the duration and intensity of the pro- 
longed action. The second test allowed a quantitative estimation of the period of 
action of histamine. In it the amount, acidity and duration of secretion from 
gastrie pouches of dogs were measured in response to the injection of the various 
mixtures of histamine. The pouches of the stomach were prepared according to 
the method of Heidenhain with the animal under ether or pentobarbital sodium 
(nembutal) anesthesia. Sufficient time for complete recovery and healing was 
allowed before tests were commenced. An overnight fast preceded all tests 
and no food was given during the period of observation. The volume of gastric 
juice secreted was measured each hour. The free and total acidity of the hourly 
samples was determined by titration with tenth-normal sodium hydroxide using 
Toépfer’s reagent and phenolphthalein as indicators. The hydrochloric acid 
content of each sample of juice was caleulated from the free acidity titration 
values; the total output of hydrochloric acid from the gastric pouch, in grams 
of hvdrochloric acid, was computed for each test. The free acidity was expressed 
in the usual clinical units of degrees of free acid. 

An attempt was first made to prolong the action of histamine by suspending 
it in mineral oil. Finely powdered histamine was ground with glycol stearate 
and then suspended in mineral oil. Guinea pigs into which this suspension was 


injected showed symptoms as quickly and died as frequently as animals 


1 This investigation was aided by grants from the Committee on Scientific Research ot 
the American Medieal Association (nos. 526 and 556) and from the Graduate Ss 
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receiving the same doses of histamine in saline solution. Similar results were 
obtained when particles of histamine were covered with paraffin and suspended 
in oil. Definite protection was obtained, however, when histamine was placed 
in a mixture of beeswax and mineral oil. 

In preparing the beeswax mixture the salt of histamine was first ground to as 
fine a powder as possible in an agate mortar. Histamine acid phosphate was 
used generally although a few experiments were performed with the dihy- 
drochloride. When the dihydrochloride was used, care was taken to dry it 
thoroughly before mixing it with the beeswax. Weighed quantities of the finely 
powdered histamine were placed in a hot agate mortar. The mortar had been 
preheated in water brought to the boil and in addition was sometimes kept warm 
over a hot water bath. Hot molten beeswax was added from a pipet or a eali- 
brated dropper and the histamine and beeswax were mixed thoroughly. Hot 
mineral oil then was added and the mixture stirred until of uniform consistency. 
While still molten the mixture was drawn into 1 ce. tuberculin svringes. These 
had been warmed by rinsing with hot mineral oil. On cooling to room tempera- 
ture the mixture formed a semisolid mass which at usual room temperatures 
was injected easily through 20 or even 22 gauge needles. 

The concentration of histamine usually used ranged from 15 to 100 mgm. of 
the base per cubic centimeter of the mixture. In the case of the acid phosphate 
this required placing approximately 42 to 278 mgm. in each cubic centimeter of 
the mixture. Satisfactory preparations with concentrations greater than 100 
mgm. of the base per cubic centimeter have been made with the less bulky dihy- 
drochloride salt. 

The amount of beeswax in the mixture ranged from a fourth to a fifth of the 
total volume of liquid employed. Ordinary beeswax, beeswax mixed with a 
little resin and bleached beeswax have been used in preparing the mixture. All 
have given about equally satisfactory results. In one experiment, mixtures 
made with ordinary beeswax and beeswax containing a little resin were compared. 
The beeswax containing a little resin seemed to give a slightly more tenacious 
mixture from which absorption may have been a little slower than from the other 
mixtures. ‘The bleached beeswax gives a white or nearly white mixture. 

As a routine, ordinary mineral oil was used as a diluent. The amount em- 
ploved varied from three-fourths to four-fifths of the total volume of liquid in 
the mixture. The proportions of the various constituents used in the preparation 
of the mixture are illustrated in the following typical example: if 500 mgm. 
of histamine acid phosphate, containing 180 mgm. histamine base, was to be 
made up in a batch of mixture to contain 100 mgm. histamine base per 
cubie centimeter, 1.8 ec. of liquid was used of which 0.4 ec. was beeswax and 
1.4 ce. mineral oil. The procedure does not take into account the volume of the 
powered histamine nor does it allow for the shrinkage which occurs when the 
hot beeswax and mineral oil cool. 

Some experiments have been performed using sesame oil in place of mineral 
oil asa diluent. The mixture with sesame oil is somewhat firmer than with min- 
eer eral oil and to prevent difficulty when injecting, not more than a fifth of the total 


volume of the mixture should be beeswax. 
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The melting point of a number of different batches of the mixture of histamine, 
eeswax and mineral oil was determined. In making this determination, the 
nixture was placed in a capillary glass tube or between two cover slips and signs 
if melting were watched for through a magnifving system as heat was applied 
through aleohol to the capillary tube and through metal to the cover slips. As 
letermined by these procedures the melting point of the mixture of histamine, 
beeswax and mineral oil was above body temperature. Melting of the mixture 
vegan between 40 and 50°C. and at 50 to 54°C. the mixture was definitely molten. 
\ll doses of histamine are expressed in terms of the free base. As a routine, injec 
tions were given subcutaneously to guinea pigs and into the spinal or abdominal 
muscles of dogs. The tissues at the sites of injection were examined at various 


intervals after administration of the beeswax mixture 


TABLE 1 
Comparison of the effects of histamine in saline rl nand ir ‘ I ng 1 pig 
H \MI INJECTED {INE 
BODY Me pe 
IGE 100 gram 
ams 
if I ay O 
we t 
gram 
] 604 0.5 Beeswax Mild Recovery 
2 0.4 Mild Recovery 
3 605 0.3 seCSWAX Mild Reeove 
} 61S 0.3 Beeswax Non Recover 
5 540 0.3 Beeswax Reeover) 
0.4 Saline severe Fatal 
7 542 0.3 Saline severe Fatal 
538 0.4 extract of beeswax Severe Fatal 
4 573 0.3 Extract of beeswax severe Recover 
* Quantities of the mixture of histamine and beeswax containing 0.4 and 0.3. mgm. of 


histamine per 100 grams of body weight of guinea pigs S and 9, respectively, were extracted 


with hot saline solution to melt the beeswax and the resulting saline extract was injected 


Resutts. The guinea pig. The mixture of histamine and beeswax was 
tested first on guinea pigs. Doses of histamine ranging from 0.3 to 0.5 mgm. 
per 100 grams of guinea pig were used. Such quantities of histamine, when dis 
solved in saline solution and injected subcutaneously, uniformly produced severe 
reactions which usually terminated fatally. When these doses were placed in 
the beeswax mixture and injected subcutaneously or intramuscularly, there 
was little or no reaction and none of the animals died (table The results 
were so striking that it seemed possible that part of the histamine might have 
been destroved by the beeswax. ‘To test this, quantities of the beeswax mixture 
containing 0.4 and 0.3 mgm. of histamine per 100 grams of body weight of two 
guinea pigs were extracted with hot saline solution to melt the beeswax In 
jection of the resulting saline extracts produced severe or fatal reactions in the 


guinea pigs (table 1, animals 8 and 9). Placing the histamine in the beeswax 


mixture had not destroyed it. 
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The dog. 
obtained by placing histamine in the mixture of beeswax and mineral oil but the 


The results with the guinea pigs showed that some protection was 


tests did not give any quantitative indication of prolonged action of histamine 
For this purpose dogs that had Heidenhain pouches of the stomach were used and 
after the injection of a mixture containing histamine, the duration, volume 
and acidity of the secretion from the pouches were taken as measures of the 
In these the gastric 


action of histamine. Four dogs were studied in detail. 


juice secreted was collected every hour until the stimulating effects of the in- 


TABLE 2 
Gastric juice secreted from Heidenhain pouches in dogs in response to histamine in the beeswax 


mixture, histamine in saline solution and the beeswax mixture alone 


HISTAMINE INJECTED STIMULATION OF GASTRIC SECRETION 


Dose contained in Total juice secreted 


pog | EXPERI- Number Histamine 
° MENT of sites Hours Equiv reaction 
Dose dose con alent . 
Volume Material divided tinued Volume volume ‘srams 
between HC! 
HCl 
mem. cc. cc. ce 
] 1 15 0.75 Beeswax mixture 20 24 811 | 1147 = - Nil 
2 30 1.10 Beeswax mixture 20 29 861 = 1230 1.5 Mild 
3 33 0.94 Beeswax mixture 20 52 1312 | 1873 | 6.8 Nil 
} 60 0.82. Beeswax mixture 20 50 1570 2134 7.8 Severe 
a) 15 1.00 Saline 10 7 103 143 | 0.5 Severe 
6 0 1.00 Beeswax mixture 20 0 Nil 
2 ] 30 0.80 Beeswax mixture 20) 27 683 988 3.6 Nil 
2 30 1.20 Beeswax mixture 2 51 820 1199 1.4 Nil 
3 30 1.00 Saline 10 3 13 64 | 0.2 Severe 
| 0 1.00 Beeswax mixture 20 0 Nil 
3 15 1.00 Beeswax mixture 20 1350 1969 7.2 Mild 
2 15 0.54 Beeswax mixture 20 29 875 | 1255 4.6 Nil 
3 4 46 1.00 Saline 10 3 US 32 0.5 Severe 
4 l 35 1.00 JeeswaXx mixture 20 30 711 1062. 3.9 Nil 
2 56 0.9 Beeswax mixture 20 16 tt | 1627 | 6.9 Nil 
jection had subsided. With two other animals hourly collections of juice 


were made at various intervals over the period of stimulation. 


In all, seventeen 


injections of histamine in the beeswax mixture were made into dogs that had 


Heidenhain pouches. 


base. 


mixture of histamine and beeswax. 


The doses used ranged from 15 to 60 mgm. of histamine 


These amounts of histamine were contained in from 0.3 to 1.2 ec. of the 
As a rule, when the mixture was injected, 


the volume containing the desired dose of histamine was divided among ten to 
twenty different intramuscular sites, about 0.05 ec. being injected at each point. 


This was done to keep the volume of foreign material at any one spot in the 


| 
| 
: 
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muscle small and thus to keep the possibility of formation of abscess at a min 
imum. As the research progressed it was found that soon after injection the 
beeswax mixture became distributed along the long axis of the muscle fibers and 
bundles and that quantities of 0.1 to 0.5 cc. of the mixture in a single injection 
site were well tolerated. 

When doses of histamine ranging from 15 to 60 mgm. were administered in 
watery solution to dogs, severe if not fatal reactions invariably ensued. When 
these doses were given in the beeswax mixture, only one severe and two mild 
reactions occurred. None of the reactions was fatal and all had subsided at 


hour after the injection. The severe reaction occurred when 60 mgm. of his 
tamine was given in 0.8 cc. of beeswax mixture (table 2, dog 1, expt. 4 In 
this reaction there were repeated emesis, defecation, urination, some labored 


breathing and a rapid, rather feeble pulse with prostration for about one hour. 
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Fig. 1. Gastric secretory response from Heidenhain pouch of dog 1 when given 15 mgm 


histamine in the beeswax mixture (A), and 30 mgm. histamine in the beeswax mixture (B 
In both instances the material injected was divided among twenty different intramusculat 
sites. The time of injection is indicated by arrow 1 Phe total volume and hydrochloric 


icid content of the juice secreted during the first twenty-four hours are shown 


There was an increase of respiration in both mild reactions, with urination, 
defecation and vomiting in one but prostration of the animal did not occur in 
either. In all other instances the only obvious sign of action of histamine wa 
a flow of gastric juice from the pouch. 

As a rule the secretion of gastric juice commenced during the first fifteen min 
utes, reached its maximum during the first ten hours and continued for twenty 
four or more hours after the injection of the mixture of histamine and beeswax 
(for example, figs. 1 and 2). In the case of the four animals whose responses 
were followed in detail, volumes of gastric juice ranging from 683 to 1570 ce., 


equivalent to 1 to 2 liters of tenth-normal hydrochloric acid, were secreted over 


periods of twenty-four to fiftv-two hours when histamine was given in the bees 


wax mixture (table 2). The concentration of hydrochloric acid in the gastric 
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juice secreted in response to the mixture of histamine and beeswax varied ove! 
narrow range. As a rule, the concentration of free hydrochloric acid rose to 
approximately 0.55 per cent (150 degrees free hydrochloric acid in the customary 
clinical units) and remained close to this value during the first twenty-fou 
hours after injection when secretion was most active (figs. 1 and 2). Then, as 
the rate of secretion declined, the concentration of hydrochloric acid also de 
clined. The animals whose responses to the mixture of histamine and beeswax 
were followed during the entire period of stimulation secreted a total of 3.6 to 
7.8 grams of hydrochloric acid (table 2). The concentration of hydrochloric acid 
in the total volume of juice secreted ranged from 0.49 to 0.54 per cent (134 to 
149 degrees free hydrochloric acid). 
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Fig. 2. Gastrie secretory response from Heidenhain pouch of dog 2. At arrow 1, 30 mgm 
histamine in the beeswax mixture was given divided among twenty different intramuscular 
injection sites (A), and divided between only two intramuscular injection sites (B). The 
total volume and hydrochloric acid content of the juice secreted during the first twenty 
four hours are shown at arrow 2. 


The volume of gastric juice secreted in response to injection of the mixture of 
histamine and beeswax involved the loss of considerable quantities of water, 
chloride and hydrogen ion. These losses were combated by adding salt to the 
drinking water, giving saline solution by vein and under the skin and by the 
return of gastric juice by tube to the stomach. A standard routine for replace- 
ment of the losses was not followed, however, and this fact may account for part 
of the variability in the results (table 2). The results from two experiments 
were discarded from the series because gross bleeding from the pouch occurred 
during the period of active secretion. During another experiment the animal 
passed a series of loose tarry stools indicative of bleeding in the upper reaches of 
the gastro-intestinal tract. 


With one animal the secretion obtained from 30 mgm. of histamine in beeswax 
when divided among twenty sites of injection was compared with that obtained 
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when the same dose was given into only two sites (fig. 2 Judging from the 
secretory response the absorption of the histamine was at a more constant rate 
and extended over a somewhat longer period when the mixture was injected in 
only two places than when it was injected in twenty places. 

The quantities of gastric juice secreted in response to injection of the mix- 
ture of histamine and beeswax were so large that the question arose, does the 
beeswax itself contribute to the gastric stimulation? To check this possibility a 
batch of the mixture of beeswax and mineral oil without histamine was made up 
and 1 ec. injected into each of two dogs. As usual, the material injected was 
divided between twenty different intramuscular sites and the juice secreted from 
the pouches was collected each hour for twenty-four hours. The total volume of 
juice secreted over the twenty-four hour period was 15 ec. in one animal and 52 ce. 
in the other (fig. 3). At no time during the twenty-four hour period after the 
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Fig. 3. Control observations on the gastric secretory response from Heidenhain p 


of dog 2. In A, at arrow 1, 30 mgm. histamine in saline solution was injected intramuscu 


larly. In B, 1 ec. beeswax mixture without histamine was injected intramuscularly 
arrow 1. The total volume and hydrochloric acid content of the juice secreted during thi 


period of observation is indicated at arrow 2 


injection of beeswax did the rate of gastric secretion exceed that often found in 
these animals under ordinary fasting conditions. It seems safe to conclude that 
the major part, if not all, of the stimulating action of the mixture of his 
tamine and beeswax on gastric secretion is due to the presence of histamine in the 
mixture. 

In order to gain a better measure of the degree of protection obtained by the 
use of the beeswax, doses of histamine similar to those used with the beeswax 
were given in saline solution to three of the dogs. Two of the animals received 
15 mgm. and one 30 mgm. of histamine. The histamine was dissolved in 1 ce 
saline solution and to simulate the injection of the beeswax mixture this volume 
was divided between ten intramuscular sites of injection. In all instances a 
severe reaction consisting of respiratory difficulty, repeated emesis, defecation 
and urination with marked prostration developed three to six minutes after 
the injection and lasted for thirty to fortv minutes. During the first 
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thirty minutes, when the reaction was most severe, there was little or no gastric 
secretion. After recovery from the reaction secretion increased, reaching a 
maximum during the second or third hour and then sharply declining so that by 
the end of four or four and a half hours secretion had returned to the fasting level 
fig. 3). The total volumes of juice secreted during this period were 103, 43 and 
98 cc., respectively, compared with 811, 683 and 1350 cc. secreted when the 
same doses of histamine in the beeswax mixture were given to the same animals 
(table 2). Approximately eight to sixteen times as much juice was secreted 
when the histamine was placed in beeswax as when it was dissolved in saline 
solution. 

COMMENT. Suspending histamine in mineral oil did not prolong its action. 
Apparently the tissue fluid reached the histamine particles in the oily suspension, 
dissolved them and carried the histamine away to produce its physiologic 
effects about as quickly as when the histamine was given dissolved in saline 
solution. A similar result was obtained when the particles of histamine were 
coated with paraffin and then suspended in mineral oil. The apparent cause of 
this was that at body temperature the paraffin dissolved in the mineral oil, 
leaving the histamine in suspension and thus affording little more protection 
than simple suspension in the oil. Histamine acid phosphate, which is very 
soluble in water, was used in these experiments and it would appear that if 
prolonged action were to be obtained by suspension in oil some less soluble form of 
histamine would have to be used. 

It was while we were looking for a protective coating for the histamine 
particles which would not melt off at body temperature that beeswax was first 
used. Placing the histamine in the beeswax mixture certainly extended its 
period of action. The likely explanation for the phenomenon seems to be that 
displacement of the coating of beeswax mixture with admission of tissue fluid 
to the histamine particles takes place gradually through the mass of injected 
material and in this way a gradual liberation of histamine is obtained. 

The total volume of gastric juice secreted by a pouch of the stomach in 
response to a dose of histamine in beeswax was a great deal larger than that 
produced by similar doses of histamine administered in saline solution. This 
feature of the results emphasizes the important physiologic difference between 
the sudden release of a large quantity of histamine and its prolonged continuous 
liberation. The acute effeets of a rapid release or injection of histamine have 
been studied carefully but the usual methods of administration have not allowed 


a satisfactory investigation of the effects of continuous liberation of small quan- 


tities of histamine over prolonged periods. Use of the mixture of beeswax and 
histamine has afforded a means of studying the physiologic and pathologic 
results of chronic action of histamine (1, 2, 3) 


SUMMARY 


In this study the amount, acidity and duration of secretion from gastric 
pouches of dogs following injection of histamine in a beeswax mixture were used 
as quantitative measures of the intensity and period of action of the histamine 
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contained in the mixture. In response to 15 to 60 mgm. doses of histami 
the mixture the pouches secreted gastrie Juice for twenty-four 
The juice secreted during this time varied between 683 and 1,570 ee. and it 
hvdrochloric acid concentration ranged from 0.49 to 0.54 per cent (1! 


to 149 
degrees free hydrochloric acid in the customary clinical units \ comparison 


of the secretory response of the pouches to 15 and 30 mgm. doses of histamit 
in beeswax with the response obtained to similar doses in saline solution showed 
that in saline solution the response Was complete d in four and a half hours or 
less in contrast to twenty-four or more hours when the beeswax mixture was 
used and that the volume obtained when saline solution Was used Was only about 
an eighth to a sixteenth of that secreted when the histamine was placed in th 
beeswax mixture. To determine whether the beeswax itself contributed to the 
gastric stimulation, a mixture of beeswax and mineral oil containing no histamine 
was injected. It had little or no effect on gastrie secretion. It has been con- 
cluded that the duration of the action of histamine may be prolonged by placing 
it in a beeswax mixture. 
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The normal state of the pyloric sphincter and its influence on the propulsion 
of chyme has been variously described. According to the older view (sum- 
marized by Alvarez (1)) the sphincter was normally closed, either because it 
characteristically possessed a high degree of tonus or it was normally in a state 
of actual contraction. The sphincter thus functioned as the ‘keeper of the 
gate’? and only permitted material to pass through either when it periodically 
relaxed or when sufficient pressure developed in an adjacent portion of the gut 
overcame the sphincter resistance and forced it to open. 

Much of the recent literature, reviewed in part by Meschan and Quigley (2) 
or by Werle et al. (3), indicates the sphincter is open much of the time and does 
not constitute the major factor regulating gastric evacuation. These conclusions 


resulted from studies in which such foreign bodies as rubber balloons were present 


in the sphincter lumen. Since these objects might modify the motility and thus 
be responsible for the difference in the conclusions reached by the two groups 
of investigators, it became desirable to restudy the subject by a method which 
did not require the presence of a foreign body in the sphincter lumen. 
EXPERIMENTAL. The following methods were employed. Using. sterile 
technic, two lead shot were secured to the serosa crosswise of the pyloric sphincter 
so the shot would approach each other during sphincter contraction and be 
farther apart during sphincter relaxation. Movement of the shot was noted 
during experimental examinations by observing the alterations in their shadows 
cast on a fluoroscopic screen. This movement was registered by a device de- 
signed to record the distance across the sphincter, the ‘‘pyloric diagraph”’ or 
“shot chaser” (fig. 1). The portion of the apparatus resting on the fluoroscopic 
screen was moved about freely by the handles, A. The tips, B, were kept di- 
rectly over the shadows of the lead shot. Changes in the distance between the 
tips B produced pressure changes in bellows C which were recorded by the optical 
manometer D. Respiratory movements moved the sphincter considerably but 
did not appreciably alter the distance between the shot; this tvpe of movement, 
therefore, did not appear on the record. For most experimenters, the ability to 
use the pyloric diagraph effectively required several weeks of training, and the 
degree of concentration necessary during an experiment was such as to limit its 
use to consecutive 4 to 5 minute periods. While employing the pyloric diagraph, 


1 This investigation was aided by a research grant from the Ella Sachs Plotz Foundation. 
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he experimenter’s head was in a chamber, light-proof except at the floor which 
yas composed of the fluoroscopic screen. 

A guide to the interpretation of the results obtained from the pyloric diagraph 
vas obtained in eight experiments performed on unanesthetized dogs by making a 


lorie diagraph record (fig. 2) simultaneously with the registration of the antral 


AW) 


Fig. 1. The ‘‘Pyloric Diagraph.’? Handles A used to move the arms B so tips are kept 
directly over fluoroscopic shadows of lead shot secured to serosa crosswise of the pyloric 
sphincter. Alterations in distance between tips B produce pressure changes in bellows C 
Pressure changes recorded from optical manometer D 
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Fig. 2. Fasting animal. Upper record, pyloric sphincter .motility as reeorded by the 


shot chaser; lower record, sphincter activity recorded by the miniature balloon in the 
sphincter. Center records of antral and bulbar intralumen pressures. At right side 
pressure scale of A, antral record, and B, of bulbar record 


and bulbar pressures by the method of Brody et al. (4), and a record from a 
miniature balloon (3 x 8 mm.) placed on the sphincter lumen and connected with 
an optical manometer. In addition, passage of a radio-opaque meal through the 
sphincter was studied fluoroscopieally by a second observer who signalled the 


event by closing a key and thus caused a beam of light to strike the same photo 


p 
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graphic paper used to register the other phenomena. It was thus determined 
that records from the pyloric diagraph indicated rather accurately whether the 
sphincter was open or closed and when each phase of the movement began and 
terminated, but they gave only an approximate indication of the tonus changes 
and the magnitude of sphincter movement. 

In addition to the types of experiments just described, twelve studies were 
made in which no recording device was placed in the sphincter lumen, but the 
antral and bulbar pressures were recorded from registering tips within the gut 
lumen, and the sphincter activity was followed with the pylorie diagraph (fig. 
3). In an additional series of eight experiments, the pyloric diagraph alone was 
employed for registration and the gut lumen was free from recording devices. 
One-half of the latter two groups of studies was performed on fasting animals, 


but on the other ten occasions a BaSO, meal was administered and the passage 
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Fig. 3. Animal fed a BaSO; meal. Horizontal bars at top of record mark the intervals 
during which material was seen passing through the sphincter. Antral and bulbar 
intralumen pressures are indicated and at the right the scales indicate A, the antral pres 
sure calibration, and B, the bulbar pressure. The sphincter record at the bottom of the 
record was obtained by the “‘shot chaser’? method and adjacent to it is marked the onset 
and end of each evacuation eyele. 


of material through the sphincter was recorded by the fluoroscopic method 
indicated above. 

RESULTS AND INTERPRETATIONS. No difference was detected in the funda- 
mental type of motility of the pylorie sphincter when recording equipment was 
present or absent from the lumen, nor in the fasting animals as compared with 
those evacuating gastrie contents. The quiescent sphincter either in the fed or 
fasting animal was in the relared state. These results, obtained from direct 
observations, are contrary to the former teaching and they preclude the sphincter 
functioning under these conditions in a manner compatible with the usual im- 
plication of the term, “the keeper of the gate.”’ The sphincter usually exhibited 
motility (especially in the fed animal) and this took the form of rhythmic waves 
which progressed in an orderly sequence over the antrum, sphincter and bulb. 
The fraction of each eyele during which the sphincter was relaxed varied inversely 
with the frequency of sphincter contraction, but in general the sphineter was 
relaxed for at least 60 per cent of the time. 

Opening of the sphincter was not dependent to an important degree on the 
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oree exerted by material expelled from a neighboring region. This claim 
supported by the observation that the sphincter usually opened when nothing 
vas being propelled in its immediate vicinity and also by the fact that while the 
sphincter was relaxing the antral and bulbar pressures were at or near their basal 
levels of 1.5-3 em. of water. Contrary to the previous teaching, nothing passed 
through the sphincter in the period during which the sphincter was relaxing not 
luring the immediately succeeding interval. 

Gastric evacuation normally began some time after the sphincter relaxation 
was complete (approximately in the latter half of the period during which 
the sphincter was open) and evacuation also continued during the period ot 
sphincter contraction. During the first portion of the interval in- which 
material passed through the sphincter, and while the sphincter balloon showed an 
increase in pressure, the pyloric diagraph record frequently but not invariably 
showed a further slight separation of the shot. This indicated that a moderate 
degree of passive distention of the relaxed sphincter sometimes accompanied 
gastric evacuation. 

Reference to figures 2 and 3 shows that much of the evacuation of each evel 
occurs during phase A, preceding the onset of sphincter contraction. As the 
sphincter contracts, it offers resistance to gastric evacuation, but does not pre 
vent it. Approximately 3 to 4 of the material evacuated during each cycle 
passes through the sphincter while it is contracting (phase B), but it is evident 
that the resistance offered by the contracting sphincter reduces the amount ot 
material evacuated and causes some to return to the body of the stomach. The 
sphincter, while contracting, increases the resistance to the escape of the antral 
contents and in conjunction with the antral peristaltic wave this results in an 
elevation of antral pressure (the antral pressure wave). Evacuation ceases at 
approximately the time the sphincter contraction is complete. The termination 
of evacuation is due chiefly to the fact that the distal antrum has emptied its 
contents. The closed sphincter could prevent further evacuation but usually 
this emptving process has terminated. Since the sphineter closed after bulbar 
filling and remained closed during bulbar contraction and the development of thi 
bulbar pressure wave, it effectively retards regurgitation of bulbar contents 


SUMMARY 


Studies of the pyloric sphincter motility made with the pylorie diagraph show 
that normally the quiescent sphincter is continuously in the relaxed state Phe 
active sphincter normally exhibits evelic activity and is relaxed during more 
than half of each evele. Sphincter opening is a characteristic phase of the evelic 
activity, not fundamentally the result of a passive stretching produced by mate 


rial propelled from an adjacent portion of the gut lumen. 
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In the investigation of alterations in arterial oxygen tension during artificially 
induced hyperpyrexia (1), it beeame evident that the control tensions calculated 
from the hemoglobin dissociation curve were somewhat lower than those reported 
in the literature. It has been stated (2) that 90 mm. Hg may be regarded as 
the average normal oxygen tension in arterial blood at sea level. This opinion 
was probably first expressed by Peters and Van Slyke (3) who summarized the 
data then available and stated that at sea level the arterial oxygen tension varied 
from 75 to 95mm. Hg. They were uncertain, however, whether the difference 
between alveolar and arterial tension really covered the range as great as 5 to 
25 mm. Hg in normal resting men or whether the reported variations were in 
part due to experimental error in some of the methods of measurement. One 
group of investigators reported normal arterial oxygen tensions between 95 
and 100 mm. Hg (4). Other investigators reported values of 80 mm. Hg or 
less (5, 6). 

Arterial oxygen tensions may be determined either directly by equilibration 
of blood samples with known gas samples or by calculation from the dissociation 
curve for hemoglobin with per cent oxygen saturation and carbon dioxide tension 
as the known factors. The more recent investigators have devoted most of their 
efforts to the study of the dissociation of hemoglobin with the result that the 


original dissociation curve (5) has been firmly established as being fundamentally 


correct and typical of normal human blood (7). This fact seems to justify the 
use of arterial oxygen saturations as a means of calculating oxygen tension. 
Only when values significantly different from the accepted ones are obtained 
would it seem necessary to check the ealeulated tensions by means of direct 
measurement. 

In the previous investigation (1) in which thirty-two determinations of arterial 
oxygen saturation and tension were made on nineteen patients, the average 
saturation was 93.6 per cent and the average calculated tension 68 mm. Hg. 
Since these figures were significantly lower than the accepted values, it was 
thought advisable to study by direct measurement the arterial oxvgen tension 
of normal human blood. 

Merrnops. The samples of arterial blood were taken from healthy interns, 
nurses, hospital personnel and ambulatory patients. All individuals, as far 
as could be determined, had normal respiratory and circulatory mechanisms, 
except case no. 21, who had hypertensive cardiovascular disease which was well 
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The samples were drawn from the brachial artery i the anti 
method of Adriani (S 


Chis method insures anaerobic collection and preservation without the use of 


compensated. 
ubital space or the radial artery at the wrist by the 
il which has been suggested as a possible souree ot error (9, 10 The sample s 
vere kept in the svringes on ice until removed for analysis. Oxygen contents, 


xvgen capacities and carbon dioxide contents of 1 ce. samples were determined 


TABLE 1 
CO FTER GA 
EQUILI 

8. 9.0 21.45 94.0 93.6 57.3 70.0 36.8 73 
2... 59.5 21.40 93.5 90.8 8.7 62.7 10.0 67 

57.0 21.530 94.5 92.0 52.7 69.0 37.8 79 

60.0 17.40 94.0 93.0 59.5 65.5 38.4 6s 

5. We 57.0 22.80 94.8 94.5 6.0 68.0 10.0 69 
6. A. D 65.5 16.60 94.5 92.7 55.3 67.2 70.0 
7.M.8 6.5 21.65 96.5 95.5 56.5 71.0 39.0 72.0 
a: J. 5. 6.0 20.40 95.1 95.0 56.0 71.5 38.6 71.5 
*9, H. E 52.2 19.64 94.5 92.4 52.0 67.0 38.8 70 
10. F. O. 59.0 19.10 94.8 95.6 57.6 70.0 10.6 70 
2. J. 8. 60.0 21.00 94.0 95.5 60.0 69.0 11.0 68 
A. %. 63.0 20.24 94.0 93.4 63.0 70.0 $2.8 71.0 
51.0 20.20 94.0 93.2 53.0 70.0 10.0 71.0 
14. B. F. 56.5 18.70 96 .2 97 .3 57.7 49.9 10.7 13.0 
15. M. B. 56.5 IS.45 95.8 94.5 57.0 74.5 38.8 74.5 
16. C. EB. 55.0 18.78 96.0 96.0 54.5 74.0 38.8 74 
7. Bt. 59.8 20.12 93.8 94.0 59.7 72.8 41.8 72.5 
i. 60.7 IS.15 95.7 96.2 59.9 45.7 4.2 75.5 
19. H. V. 63.0 20.82 94.0 95.5 52.0 72.0 13.6 72 
0. M. H 62.0 19.22 94.1 93.6 61.7 71.6 14.0 73 
a: J... 66.3 24.20 89.5 90.5 65.3 68.2 14.5 6S 
19.47 95.4 94.2 53.0 74.0 39.0 75 
55.2 23.20 95.0 94.7 56.2 76.5 30.8 76 
24. A. M. 59.3 19.35 96.4 96.1 59.5 79.6 41.5 7 
T. 55.3 19.73 91.8 97.0 6.7 SO.1 41.5 74 

Average... 94.5 72.1 


* Denotes females. 


on the manometric apparatus according to the method of Van Slyke and Neill (9). 
After correcting for dissolved oxygen, the percentage saturation of hemoglobin 
was then used to calculate the oxvgen tension. It was assumed that all indi 
viduals had a 40 mm. (+) tension of carbon dioxide. 

A gas sample of oxygen, carbon dioxide and nitrogen was then made up to 
correspond with the caleulated tensions of those gases in the blood sample 
This gas sample was made up directly in a tonometer with a capacity of 165 ce 
Four cubic centimeters of blood were then admitted to the tonometer and before 
rotating, the tonometer containing blood and gas samples was submerged in a 
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37.5 C. water bath. Gas was allowed to escape so that the gas tension at 37.5°C 
would equal atmospheric pressure. After sealing the gus outlet stopcock with 
mercury, the tonometer was then rotated slowly in the water bath for 25 or 
30 minutes. A 1 ee. sample of the equilibrated blood was then withdrawn and 
analyzed. Following this, 25 ee. of the equilibrated gas sample was withdrawn 
and also analyzed in the manometric apparatus. Gas tensions were calculated 
as the per cent found times the barometric pressure minus the vapor pressure, 
using 750 mm. Hyg as barometric pressure and 49 mm. Hg as vapor pressure of 
the blood. 

Resuirs. In the data obtained from this procedure (table 1) it will be noted 
that except in a few instances when the gas sample tension agreed perfectly 
with the blood tension, there was a small change in the oxygen saturation of 
blood sample. Sinee the shift in carbon dioxide tension is closely related to 
the percentage oxygen saturation at a given oxygen tension, the original blood 
oxygen tension Was estimated in those latter samples on the basis of the slight 
change in per cent saturation and carbon dioxide content of the equilibrated 
blood. 

The average arterial oxygen saturation was 94.5 per cent and the average 
oxygen tension 72 mm. Hg. These figures agree very closely with the cor- 
responding point on the dissociation curve for human hemoglobin at a 40 mm. 
Hg tension of carbon dioxide. In only one sample was there an 80 mm. Hg 
oxygen tension and that hemoglobin was 96.4 per cent saturated and the carbon 
dioxide content was relatively high. In another instance, an 80 mm. Hg oxvgen 
tension was made up in a gas sample with a 40 mm. Hg carbon dioxide tension. 


This raised the blood sample from 91.8 per cent saturation to 97 per 


cent saturation. 

Discussion. Although the average value of 94.5 per cent saturation is not 
very much lower than those saturations reported (7, 11) with the exception of 
one group (12), the average tension of 72.5 mm. Hg obtained by direct measure- 
ment is appreciably lower than the reported tensions (2, 3, 4, 5, 6). 

It will be reealled that the original investigation gave an average saturation 
of 93.6 per cent with a tension of 68 mm. Hg (1). 

All of the patients in that investigation were receiving treatment and many 
were at bed rest. As a matter of interest, tension determinations were made on 
a few of the normal humans seven to ten days after an uncomplicated appen- 
dectomy. Their saturations dropped 2 to 4 per cent and the tensions dropped 
5 to 10 mm. Hg and approximated the values obtained in the patients of the 
previous study. 


SUMMARY 
The data on 25 normal human arterial blood samples indicate that the average 
oxygen saturation is 94.5 per cent and the average oxygen tension is 72 mm. Hg. 
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The rate of absorption of glucose from the intestine of the intact rat has 
generally been studied under conditions (1, 2) which resulted in the influx into 
the stomach of a large volume of concentrated glucose solution during a Tew 
seconds. Under such special conditions of forced feeding the absorption co- 
efficient (mgm. glucose absorbed per sq. dm. body surface per hour) is generally 
around 100 (1-3) and could do little more than cover the basal energy require- 
ment of the rat if glucose were absorbed at the maximum rate throughout the 
24 hours. Rats may be maintained on a diet consisting almost exclusively ot 
glucose and since this animal normally confines its eating to the night time it is 
obvious that the glucose absorption rate under normal conditions must be con- 
siderably higher than that found with large size doses of glucose given by forced 
feeding. Under more normal conditions of voluntary feeding in which the taking 
of large amounts of glucose was induced by the administration of protamine 
zine insulin, alternate fasting and feeding periods and exposure to a very cold 
environment (3) glucose absorption coefficients 2 to 5 times as large as those ob- 
tained by foreed feeding were found. The enormous food intake of diabetic 
rats presented another method of observing the rate of glucose absorption from 
the intestine under the conditions of voluntary feeding by simply offering a diet 
composed largely of glucose. 

EXPERIMENTAL. Young male rats weighing between 100 and 150 grams were 
depancreatized by Greeley’s adaptation (4) of the method of Shapiro and Pincus 
(5). They were allowed to remain on the stock diet of dog pellets until well re 
covered from the operation and then placed on a high carbohydrate diet (6). 
Under such circumstances these rats lose from 3-10 grams of glucose per square 
decimeter per day in the urine and consume correspondingly large amounts of 
food. Although no weight is gained on the high carbohydrate diet they are able 
to maintain their weight. The urine volume and hence the water intake varies 
with the amount of sugar lost in the urine and may go as high as 100 ce. per square 
decimeter of body surface per day. 

Data for a typical rat (no. 1) is presented for a 10 day period in table 1. 
Typieal results for 14 other animals are given for single days. The days selected 
for depicting here were chosen trom periods when the day to day food intake 
was reasonably constant (e.g., no. 1, days 2-5 or 8-10). The absorption coeffi- 
cients are calculated from the total glucose intake in the diet and it is assumed 
that absorption went on evenly throughout the 24 hour periods. The absorption 
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‘oefficients are very high in comparison with those which are obtained with forced 
feeding (1, 2). If, as is most likely, glucose absorption was proceeding during 
only a part of the 24 hours this coefficient would be even higher. 

* The amount of glucose lost in the urine has been recorded in order to indicate 
the severity of the diabetes. 


FABLE 1 
Rate of glucose absorption in diabetic rat hen glucose administered ad lil 
/ he die 
RI PER 
RAT NUMBER HT RFA A 
\ ( 

gram m ram men 

l 16S >.4 1.7 
270 

| 14 | 970 

5 17 1.7 

6 3. 

7 14 

4 

2 205 10 61 6.2 312 
3 1o7 3.3 69 6.9 315 
Is] 3.6 64 §.3 
5 155 3.8 6] 327 
6 170 3.0 37 
7 146 +] 1.5 335 
142 3.) OS 336 
150 3.2 5] 6.3 33S 
10 175 3.6 D4 5.3 340 
1] 120 2.8 5.0 
12 16S 3.4 65 
13 192 3.8 66 5.5 sO) 
14 120 2.8 55 5.0 35S 
15 105 2.5 70 


* The absorption coefficient is the milligrams of glucose absorbed per square decimeter 
of body surface (9) per hour ealeulated in this ease from the glucose content of the total fo 


intake over the 24 hour period 


Discussion. It is improbable that the fact that these rats were diabetic had 
any influence upon the absorption rate of glucose from the intestinal tract 
Their blood sugar concentrations are high (8300-600 mgm. per cent) and in othe 
ways they deviate from normal but large doses of insulin have no effect upon 
glucose absorption during the first day of administration when they are insulin 


resistant. Subsequent doses of insulin control the diabetes and reduce the 
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appetite, hence there is less to be absorbed. This reduction in glucose absorbed 
is simply incidental to the reduction in appetite and not a result of any effect o1 
the insulin as such on the absorption rate for very high glucose absorption coeffi 
cients may result from insulin administration to normal animals because of the 
hyperalimentation (3) which is apparently due to a low blood sugar level (7 

It is not obvious why the foreed feeding of glucose leads to such low absorption 
coefficients (1-3) in comparison with the high absorption rates found when th 
glucose is taken voluntarily after fasting, encouraged by a cold environment 
a result of protamine zine insulin (3) or by these diabetic rats. 

One might argue that high absorption coefficients have been demonstrated 
only under conditions when there is a need on the part of the organism for a large 
amount of glucose and hence that the high coefficients are a result of the demands 
of the organism for calories rather than due to voluntary ingestion of the glucose 
The experiments of Althausen and Stockholm (8) point in this direction for in 
hyperthyroidism produced in rats by thyroid feeding they found quite high 
glucose absorption coefficients when the glucose was given by forced feeding. 
However, we have observed much higher coefficients in thyroid treated rats 
taking glucose voluntarily. It seems probable that the absorption mechanism 
of the intestinal tract operates most efficiently under conditions governed by 
many functions such as gastric motility, secretions of the various parts of the 
tract, ete., and the disturbance of these, which is usually produced by 
forced feeding leads to gross inefficiency and low absorption coefficients. 

Disregarding water arising in metabolism or the loss of water by routes othe 
than the urine, the urine volumes indicate that enough water is ingested so that 
the concentration of glucose in the ingesta is on the average kept below 14 per 
cent. We have administered glucose by forced feeding to normal rats in a 
concentration of 12 per cent but obtained absorption coefficients little higher 
than when strong solutions were given. A factor which must not be overlooked 
is that the fluid as well as some of the other constituents of the saliva, gastric 
juice, ete., continually circulate and may lead to sugar which is ingested 
voluntarily reaching the absorbing surface in a very diluted form as well as more 
or less continually. 


SUMMARY 


Diabetic rats store sugar with difficulty and on a high carbohydrate diet 
consume large amounts of sugar because of the loss in the urine. Even assuming 
that the intestinal absorption of glucose is proceeding at the same rate throughout 
the day and night the absorption coefficients are extremely high. 

The rate of glucose absorption in diabetic rats is compared with the high ab- 
sorption coefficients obtained under other conditions of voluntary glucose feeding 
and contrasted with the low coefficients which have been reported unde 
conditions in which glucose has been given bv foreed feeding. Some of the 
possible reasons for the low glucose absorption rates found under the latter 
abnormal conditions, and which have long been considered the true picture of this 


intestinal function, are discussed. 
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If a rabbit ora euimnes pig is raised from the ground and especially iit is kept 
na vertical position with the head upright, the toes of the hind legs ~pread 
videly apart in extreme abduction. This is the “toe spreading reflex’ In 
young animals the toes of the fore legs are similarly affected, but since the 
=preading of the toes of the hind legs is the more constant phenomenon we have 
confined our attention to it. 

The spreading reflex of the toes is stronger in rabbits and guinea pigs than in 
eats and therefore in these rodents it is more easily studied and its absence more 
readily observed. However, cats lose not only the faculty of abduction but also 
the ability to extend the ¢laws. The abduction of the toes is brought about by 
the action of the dorsal interossei muscles which in man are supplied lov the 
nervus tibialis (posterior tibial nerve).!. In the opinion of R. Magnus the 
spreading reflex of the toes is of laby rinthine origin. \Iagnus states: 


Phe guinea pig is taken from behind under the shoulders, thus hanging freely wit! 
the head upright The head is then in a normal position The toes of both hind limbs 
ire put toge ther by delicate stroking If now the animal is moved gently downward 
the toes suddenly abduct The reaction is not present mn all animals, vet can be show: 

most of them. Ordinarily a very little movement is sufficient to elicit this reacts 
which was already described by Graham Brown 


The spre ading of the toes starts at the beginning of the movement or only after cessn 


tion of it, depending on the sensibility of the animal 
After extirpation of both labyrinths the spreading of the toes is absent 
The deseribed spreading of the toes occurs also when the head is fixed, thus ¢ luding 


movements of the neck 

In the course of an investigation on muscle degeneration in which rabbits and 
cats were used, the sciatie or the common peroneal nerve was excised or evulsed 
and the spreading reflex Was abolished (fig. | This reaction became a Valuable 
indication of the condition of the nerve. Its absenee provided visible evidences 
ol interruption of the nervous pathwas and its re appearance indicated the r 
generation of the nerve and the re-establishment of the nervous circuit 

The observations so made proy ided evidence as to the innervation of the dor 
sal interossei muscles and the mechanism of the spreading reflex of the toes 
which are at variance with the commonly aecepted views and are therefore 
recorded. 

As already mentioned the reflex are was interrupted and the reflex disappeared 


'The BNA has been used throughout, but where references have been made to huni 


inatomy, the terms of the Birmingham Revision, B. Ro. have been added in bracket 
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after cutting the Common peroneal nerve. This section, therefore, interrupte a 
either the afferent or the efferent limb of the reflex are. To decide this question 
we carried out the following tests: 

1. Ina rabbit the nervus tibialis was cut to ascertain if this interruption 
would affect the reflex. It was found that spreading of the toes occurred noi 
mally in this animal 

2. In other animals the nervus peronaeus Communis was cut and the reflex 
was abolished. Stimulation of the peripheral stump by the faradic current pro 
duced spreading of the toes, but no abduction followed stimulation of the central] 
stump. 

3. Faradic stimulation of the tibial nerve, after isolation of the latter, did not 
produce spreading of the toes 

In man the m. interossei of the foot are innervated by the nervus tibialis 


posterior tibial nerve). According to Gray some fibers of the nervus peronaeus 


Fig. 1. Showing the ventral aspect of a rabbit in which the right common peroneal 
nerve has been cut with a loss of the spreading reflex on that side, and the presence of the 
reflex on the other side in which the nerve was intact. Note the shadow. (The reproduc- 
tion shows the original photograph rotated through 90 kd 


profundus (anterior tibial nerve) may reach the first, seeond and some times the 
third -dorsal interosseus muscle. But Cunningham assumes that these small 
branches are probably afferent. 

It is apparent, therefore, that in rabbits and cats the innervation of these 
muscles is different from that found in man and they receive their motor supply 
through the common peroneal nerve by way of the nervus peronaeus profundus. 

The afferent impulse and pathway seem connected in some way with the sense 
of deep sensibility (proprioreceptive). The loss of pressure, due to removal of 
hody weight from the paws, is, we believe, the eliciting factor. As already 
stated, it has been assumed by Magnus that the reflex is of labyrinthine origin, 
this opinion being based on the observation that the reflex is elicited when the 


animal is placed in a vertical position and the body moved downwards, the 


assumption being that the labvrinths are thus stimulated. 
We found, however, that the spreading of the toes as a reflex action may be 


elicited also if the animals are picked up, grasping them by two places on the 
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ek, in such a manner that the spine remains in a horizontal position and the 

ad in a natural relation to it Thus, the reflex may uppear even when the 

byrinth is orientated differently from that set forth by Magnus 

In very young rabbits and kittens we found that the spreading of the toes 

present in nearly all positions of the body, proy ided the paws ol the animals 

e not in contact with a base. But if, under the above mentioned conditions 
nd also with the trunk in vertical position, a supporting base was offered to the 
nimal’s paws, without changing the position of the body itself, the toes were 
dducted. 

These facts seem to contradict Magnus’ statement that the spreading of the 
oes is a labyrinthine reflex. The disappearance of the abduction of the toes 
itera bilateral labyrinthectomy does not prove that the reflex is of labyrinthine 
origin. Following bilateral extirpation of the labyrinth, the tone of the muscles 
of the limbs greatly diminishes (Magnus, 1924) and with this loss of muscular 
tone one of the conditions of the reflex is lacking. Further evidence advanced 
1y\ Magnus, namely, that: “af the toes are put together by stroking and there 
ifter the animal moved up or down; the spreading reflex appears promptly and 
extensively”? may be explained on the grounds that such movements increase 
the labyrinthine tone of the muscles thus creating better conditions for the es 
tublishment of the reflex. But these brisk up and down movements may act 
otherwise. They may stimulate directly the organs of deep sensibility in 
muscles and in the connecting joints and ligaments, thus increasing the muscle 
tone by reflex action. 

In further support of this idea of tone we found that when provoking the 
vertebra-prominens-reflex in a guinea pig, while held in an upright position, the 
hind limbs were flexed and the spreading reflex of the toes disappeared, appar 
ently without any change in the position of the head and thus without stimula 
tion of the labyrinths. 


SUMMARY 


1. The dorsal interossei muscles, which perform the abduction of the toes of 
the hind limbs, readily observed in the toe spreading reflex, are innervated in 
eats and rabbits by fibers of the common peroneal nerve, whereas in man the 
interossel of the foot are commonly innervated by the tibial nerve (posterior 
tibial nerve). 

2. We believe we have shown that the spreading of the toes is a reflex in which 
the afferent path of the are is from proprioreceptors in the hind limb, rather 


than a reflex of labyrinthine origin as described by Magnus. The efferent path 


is over fibers in the common peroneal nerve. The spreading reflex may be in 
fluenced by changes in the muscle tone in the hind limbs, which may be due 
toa bilateral labvrinthectomy, but the reflex proper does not depend directly on 
the labyrinths. 

This work was carried out during an investigation on muscle degeneration, 
supported by a grant from the National Research Council of Canada 
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Henderson (1938 emphasizes the réle of skeletal muscle tone for the venous 
eturn and thereby for the maintenance of the circulation. He attributes the 
shock after operation and anesthesia, to a large extent, toa diminution in skele 
tal muscle tone and consequent inadequate filling of the heart. [Tf the muscle 
tone plays such a predominant role in the maintenance of the circulation it 
seemed of interest to investigate the effeet of circulatory disturbances upon it 
For this reason the influence of hemorrhage on the muscle tone was studied in 
decerebrate dogs. 

Merruop. The experiments were performed on 9 decerebrate dogs which were 
initially anesthetized with ether. About one hour was permitted to elapse be 
fore the experiment was begun in order to eliminate the effeets of ether 

The blood pressure Was recorded from the carotid artery, the musele tone was 
measured by means of Henderson’s technique in the extensor muscles of a hindleg 
One arm of a water manometer was connected to the muscle by means of an 1S 
rauge needle provided with additional side holes. The needle Wits filled with 
Ringer’s solution whose level could be read ina glass capillary fitted to the needle ; 
the other arm of the water manometer was connected with a column of Tg the 
height of which could be varied, thereby providing pressures tending to force 
Ringer’s solution from the needle into the muscle. The pressure necessary to 
just perceptibly lower the level of the meniscus of Ringer’s in the capillary was 
tuken as a measure of muscle tone as described 1x Henderson and collaborators 
1936). The dog was bled through the femoral arterv of the contralateral leg 
ind the citrated blood was re-infused through the vein of the same leg 

ephedrine and adrenalin, whose effects on muscle tone were studied, also were 
injected into the femoral vein. 

Resvuvtrs. Table 1 gives a summary of the results and shows that even slight 
losses in blood lead consistently to an increase in muscle tone. This effect is 
reversed on re-infusion of blood. The table also shows (ef. nos. 6 and 7) that 
the experiment can be repeated in the same animal with nearly identical results 
It is interesting to note that if the dog is bled to death a very low blood pressure 
ix accompanied by an excessive increase muscle tone 

If, after the withdrawal of a certain quantity of blood, repeated recordings of 
the muscle tone are taken, it is seen that with the gradual spontaneous restora 
tion of the blood pressure the musele tone decreases 

From these observations one might be inclined to conclude that musele tome 


ind blood pressure are inversely related and that the level of the blood PVESSLLPE 
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INFLUENCE OF HEMORRHAGE ON SKELETAL MUSCLE TONI 


.5S mgm. kgm. was adequate to prevent the fall in blood pressure during mode: 
te hemorrhage. Contrariwise, adrenalin increases the muscle tone. The in 
rease In muscle tone induced by adrenalin is not restricted to the vasopressor 
period but remains high for some time after the blood pressure has returned to 
ts original level. 

On the basis of these studies experiments were performed in whieh the influ 
ence of hemorrhage on muscle tone was studied with and without simultaneous 
infusion of ephedrine. “The experiments reproduced in figures 2 and 3 were con 
ducted on the same animal. Tt is seen that the removal of 200 e¢. (1 percent 
of body weight) causes the blood pressure to fall from 140 to 102 mm. He and the 
muscle tone to rise from 50 to 120mm. HeO. The same hemorrhage induced while 
ephedrine is being infused causes a fall in blood pressure from 144 to 1300 mm 
Hg and a rise in musele tone from 60 to 129 mm. HeO. Apparently the greatls 
diminished blood pressure reaction fails to influence the renetivity of the musele 
tone. Moreover, the same experiment shows that the removal of LOO ce. of 
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Fig. 2. Eetfeet of hemorrhage on blood pressure ind musele tone of a decer 
brate dog (20> kgm 
Fig. 38. Same dog as in figure 2.) Bleeding occurs while 0.5 mgm. kgm. ephedrine ts 


being injected intravenously 


blood (O.5 per cent ol body welght) causes a considerable rise in tone although 
the blood pressure remains unchanged 

These observations suggest that carotid sinus Pressol reflexes are not primarily 
involved in the change of the muscle tone resulting from hemorrhage. lexperi 
ments have indeed shown that denervation of the carotid sinuses and bilateral 
vagotomy do not abolish the rise muscle tone during bleeding (table 1 
Furthermore, it was found in some instances that in dogs with bilateral dene: 
vation of the sino-aortie area bleeding led not only toa fallin blood pressure and 
rise in muscle tone but also ton grossly observable rigidity occasionally with 
opisthotonus). In this case the fall in blood pressure was followed by a consid 
erable temporary rise and during this phase the muscle tone rose greatly 

Stimulation of the peripheral end of the vagus did not alter muscle tone al 
though the blood pressure was greatly reduced 

Discussion. It is well known (toch, Bruner and Mertens, Crellhorn and 
Pollack) that denervation of the carotid sinus areas greatly diminishes the resis 


tance to hemorrhage as shown by the more rapid fall of the blood pressure in 
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“denervated” animals. Svmpathectomized animals are likewise more sensitivé 
to hemorrhage than control animals (Schlossberg and Sawyer). Obviously the 
carotid sinus reflexes elicited by the fall in blood pressure during bleeding greatly 
contribute to the restoration of the blood pressure and thereby to the adequat: 
filling of the heart. However, the restoration of the circulation depends not 
only on these autonomic reflexes but seems to involve the somatic nervous sys 
tem as well since the tone of the striated muscle which depends on spinal centers 
is increased in hemorrhage. 

In view of the evidence presented by Henderson for the réle of the muscle tone 
for the venous return and thereby for the maintenance of cardiac output and 
blood pressure it must be assumed that the increased muscle tone in hemorrhage 
represents an important reaction of the somatic nervous svstem which contrib 
utes to the circulatory adjustment. Since the muscle tone is Increased by hem 
orrhage even when the blood pressure is kept constant and after elimination of 
the pressor receptors of the simo-aortic area vascular reflexes on the tonus regu- 
lating spinal centers play only a minor role, if any. 

Our investigations show that adrenalin (ef. Beiglbock) and ephedrine act diff 
erently on skeletal muscle tone although both raise the blood pressure through 
peripheral vasoconstriction. Obviously the change in muscle tone is not the 
result of the raised blood pressure but is due to the action of these drugs on the 
striated muscles or the spinal centers. This interpretation is supported by the 
fact that the muscle tone is still greatly increased following the injection of 
adrenalin when the blood pressure has returned to its original level. In view ot 


the fact that adrenalin is secreted under conditions of impaired oxygenation of 


the tissues (hemorrhage, shock, anoxia, narcosis) its action on the striated 
museles and indirectly on the venous return seems to play an important part in 
the restoration of the internal environment. 

The mechanism by which the skeletal tone is altered is very sensitive to naa 
cosis. A series of experiments was performed by Cortell and Gellhorn on cats 
anesthetized with chloralose (unpublished observations). Moderate bleeding 
did not change the tone of striated muscles under these conditions. The effect 
of inhalation of carbon dioxide on muscle tone was slight or absent. However, 
it Was possible to show that increased pericardial pressure when accompanied by 


an excessive fall in blood pressure caused a reversible inerease in muscle tone 


SUMMARY 


1. Hemorrhage leads in unanesthetized, decerebrate dogs to a rise in muscle 
tone which is reversed on reinfusion of the blood. 

2. Adrenalin raises blood pressure and muscle tone but ephedrine is without 
effect on the muscle tone in concentrations which have a decided pressor effect. 

3. Hemorrhage causes a rise in muscle tone even when a fall in blood pressure 
is prevented simultaneous Inject nol ephedrine. 

f. Bilateral denervation of the carotid sinus area does not prevent the rise in 
muscle tone during hemorrhage. 
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EFFECT OF LOWERED OXYGEN TENSION OF INSPIRED AIR O 
THE RESPIRATORY RESPONSE OF NORMAL SUBJECTS TO 
CARBON DIOXIDE 
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Numerous investigators have shown that tolerance to lowered oxygen ten 
sions is increased by the addition of 3 to 6 per cent CO. to the inspired a 

1,2, 4,5). In these experiments in which three or four experimental subject 
were studied, individual differences in the phy sological responses were hore 
1,2). Experiments on animals have led to the conclusion that the stimulating 
effects of increased CO». and lowered Os in inspired air on respiration ar‘ 


additive (1, 2) except when the oxygen tension falls extremely low (3). It has 


also been shown that the respiratory response to | to 4 per cent COs is in 
creased at high oxygen tensions (6). The following experiments were planned 
to investigate individual differences in respiratory response of normal humans 
to administration of carbon dioxide when the oxygen tension is diminished. 

Kighteen male college students, ranging in age from 18 to 26 years, served 
as subjects. All were familiarized with the procedure by a trial experiment 
and were then tested twice with each of the following gas mixtures: a, 2 pet 
cent carbon dioxide with 21 per cent oxvgen; b, 2 per cent carbon dioxide with 
17 per cent oxvgen, ¢, 2 per cent carbon dioxide with 12 per cent oxygen; d, 17 
per cent oxygen; and ec, 12 per cent oxygen. The experimental procedure sand 
methods of data analysis have been deseribed previously (6) 

experimental results are shown in table 1. The average resting respiratory 
volume (corrected to standard conditions) in ten experiments on each of the 
IS subjects was 6.89 liters per minute, as compared to 6.92 liters per minute 
found in previous experiments (6). Inhalation of 17 per cent oxygen caused 
no significant change in average respiratory volume, while 12 per cent oxygen 
caused an average increment of 10.6 per cent. Inhalation of 2 per cent carbon 
dioxide mixed with 21 per cent oxygen increased the respiratory volume 28 
per cent on the average, a figure that does not differ significantly from the 
increase of 34 per cent found previously (6) or from that of 31 per cent caused 
by breathing 2 per cent carbon dioxide mixed with 17 per cent oxygen (CLR. 1.7 
Inhalation of 2 per cent carbon dioxide mixed with 12 per cent oxygen resulted 
in an increase of 38.9 per cent in the average respiratory volume which is sig 

1 This project was in part aided by the Christine Breon Fund for Medical Researeh and 
the Research Board of the University of California 

Grateful acknowledgment is made to the Ohio Chemical Company for the gas mixtures, 
and to their chemist, Mr. Sanford Smith, who prepared the earbon dioxide mixtures to 
our specifications. Thanks are also due Mr. Theodor Chernikoff for his assistance i 
making the experiments 
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on mean respiratory volume 
the respiratory effeet of the lowered oxygen tension in the absenee of carbon 
dioxide On the average, the computed and the experimentally obtained 
values agree within the errors of measurement For 12 per cent oxvgen the 
ealeulated increment in average respiratory volume is 38.4 per cent, while the 
experimentally observed value is 38.9 per cent 


Examination of table 1 brings to light wide individual differences in respira 


tory response to both carbon dioxide increase and oxygen lack in the in pired 
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ar. Although the average values offer evidence that oxygen lack and carbo 


dioxide increase have an additive effeet on respiration, individual subjects are 
found in which a reduction of the oxygen content of the inspired air reduc 
the respiratory response to carbon dioxide (see subjects 8, 14 and 16). hh 
contrast to these subjects, others were found in which the respiratory respons 
to 2 per cent carbon dioxide was significantly increased over that anticipated 
from simple summation of response to 2 per cent carbon dioxide and a decreas 
of oxvgen content of inspired air to 12 per cent administered separately. Al 
though 17 per cent oxygen did not produce a significant change in averagy 
respiratory volume for the group, one subject (no. 4) showed a measurabl 
increase. On the other hand, five of our subjects (nos. 2, 7, 9, 15, 17) showed 
no significant change in respiratory volume when the oxygen content of inspired 
air was reduced to 12 per cent, although the average increase for the group was 
10 per cent 

Thus it is apparent that individuals differ significantly in their respiratory 
response to carbon dioxde and lowered oxygen tension in the inspired air 
It is also shown that while average values indicate that respiratory effects ot 
increased carbon dioxide and lowered oxygen are additive in humans as well as 
animals (2, 5) there is no assurance that every individual subject will show the 
same tendency. It is also apparent from our experiments that the oxvgen ten 
sion must be reduced below 91 mm. in inspired air before carbon dioxide begins 
to lose its cfficaey as a respiratory stimulant. 


SUMMARY 


The respiratory response to 2 per cent carbon dioxide mixed with 21 per 
cent, 17 per cent and 12 per cent oxygen was measured in 18 male college stu- 
dents. The respiratory response to 17 per cent and 12 per cent oxvgen alone 
was also determined. It was found that the average respiratory increment 
observed from the administration of a carbon dioxide-oxygen mixture could be 
estimated by the simple addition of the average effeet of the two gases adminis 
tered separately. TLlowever, marked individual differences in respiratory re 
sponse were found which make predictions of the respiratory response of an 
individual subject to any of the gas mixtures used, impossible. Reduction ot 
the oxygen content of the inspired air to 17 or 12 per cent does not decrease 


the respiratory response to carbon dioxide, 
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BODY TEMPERATURE OF MICK DURING ANESTHESIA 


F. BARROWS anp H. DODDS 
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The ability of day-old mice to survive ether vapor for more than ten times 
the length of exposure which would kill normal healthy adults was discussed 
by one of the present authors in an earlier paper (Barrows, 1933). Also Avery 
and Johlin (1932) had noted somewhat similar results with illuminating gas, 
carbon monoxide, nitrogen, argon or hydrogen. It was our opinion that a fall 
in the internal temperature of the young mice would account for practically all 
of this slower effectiveness of the anesthetic. To test this opinion we have now 
made several series of further experiments. 

First, six series of experiments had ether as the anesthetic; and of these six, 
two were at 22°C, two at 35°C and two at 40°C, on the theory that the warmer 
the environment, the less the young mouse’s internal temperature would fall, 
and hence the sooner it would die. At each of these three temperatures one 
of the two series employed wild-type gray mice (labeled Gr in fig. 1), and the 
other employed non-agouti brown dilute mice (labeled Dil in fig. 1). Each 
strain was from the Roscoe B. Jackson Memorial Laboratory and had been 
long inbred to produce high genetie uniformity. 

Second, four more series of experiments had chloroform! as the anesthetic, 
one series at 22°, one at 28°, one at 35° and one at 40°C, 

It was known that new-born mice were not able to maintain a uniform body 
temperature against external changes, but only acquired homoeothermal ability 
gradually during the first two or possibly three weeks after birth (Sumner, 1913). 
Thus the younger the mouse below about its third week, the more readily its 
internal temperature could be lowered by a cooler environment. And of course 
the cooler the environment, the greater the drop in the mouse’s internal tem 
perature. If, on the other hand, the environment were kept warm enough, 
there would be no drop in the internal temperature at any age, and so all mice 
should die at the same rate. 

An examination of figures 1 and 2 will show to what extent our expectations 
were realized. The temperatures given were of the part of the flask where the 
mouse lay, about one degree lower than the actual thermometer readings. 

ProcepureE. The apparatus was: several 3-liter flasks with rubber stoppers 
each holding a long thermometer projecting into the lower center of the flask; 
a heating chamber in which the temperature of the flask could be controlled 
and observed; anesthetic ether; anesthetic chloroform; watch; scales; graduated 
pipette. 

The liquid anesthetic (2.4 ce. of ether or 1.0 ec, of chloroform) was introduced 


1The experiments in the chloroform series were made possible by a grant from the 
Research Council of the Oregon State System of Higher education 
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ETHER SERIES 


Ten mice were used for A total of C and an average 
each point ineach curve | of “44 mice for each point, were used 


28° 
35° 


25 3 35 ¥¢ 45+ 
Fig. | 

Fig. 1. This figure shows the number of minutes required (ordinates) for a certain con 
centration of ether \ ipor to cause the death of mice of different ages (abseissas) Three 
flask-temperatures were used, 22°, 35° and 40°C teach temperature two series were run 
one using wild-type gray mice (marked Gr), and one using non-agouti brown dilute mice 
marked Dil). There was evidently no significant difference in the reactions of the two 
strains; for this reason we did not use the grays in the chloroform series (shown in fig. 2) 

In order to make the reading of these curves easier, the age-points for the “dilutes” 
have been displaced slightly to the right As a matter of facet, these pomnts are probabl 
a more, rather than less, accurate index of the age of these mice is in most cases a litter 
was born the night before the day recorded as its ‘“‘birthday.’? Mice are generally born at 
night, most often between midnight and 4 a.m. (Merton, 1938) 

We have as yet no ¢ xplanation for the fact that both of the 22° curves run consistent] 
higher than the others at the 20-day age and over 


The vertical lines show the caleulated standard error of the mean for each group 


Fig. 2. This figure shows the number of minutes required (ordinates) for a certain con 
centration of chldroform vapor to cause the death of mice of different ages (abseissas) 
We used the same three flask temperatures as in the ether series, and also one addition il 
28 C indicate d by the broken line We also here dete rmined points at one day rather than 
five-day intervals 

The vertical lines, showing the magnitude of the standard error of the mean at each 
point, were omitted at points from the tenth day on, to avoid confusion These omitted 
lines in the 10-day to 15-day ages had an average length of less than 0.9 minute (Sx = less 
than 0.45 min.); and above the 15-day age, an average length of about 0.3 minute (S, 
about 0.15 min.). \ few of the lines for before the 10 day age had to be displaced slightly 
to right or left to avoid contact with other lines, but we believe that these cases will be 
clear to the reader as he comes to them 

In these chloroform series, the observations at 22°, 2 were by Pearl Clauson; 


those at 35° by Flora Lee Bertsch 


into the flask and the stopper kept loosely in place until vaporization was 
complete. Then with the stopper still in place, the flask was inverted for 


several seconds, and then allowed to stand in the heating chamber under close 
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observation until the required temperature was reached inside the flask. “There 
ipon the mouse was inserted into the neck of the flask and allowed to slide 
rather than drop to the bottom; the stopper was at once replaced and the time 
recorded. As soon as he became quiet he was rolled over, by turning the flask, 
n order to allow better observation of the breathing movements The last 
bserved movement of any kind (the assumed death point) was nearly always 
a contraction of the diaphragm. The time of the final movement was recorded, 
the flask temperature having been kept carefully at ‘same level all this 
while. The mouse was then removed and weighed 

Discusston. ‘The two figures set forth in some detail the evident correlation 
of time of death under ether (or chloroform) with both age and environmental 
temperature in young mice thereby supporting the theory that the slower death 

these animals is due to their lower internal temperature. The reader is 
referred to the ten curves themselves as the most effective presentation of this 
main point. 

But some minor peculiarities of the curves should receive mention: 

1. At 40° the two ether curves are almost flat but the chloroform curve is 
markedly higher for the earlier ages. 

2. In the chloroform series, mice one day old or less reversed the general 
trend: that is, they died sooner than the two-day-olds. No two-day-olds were 
tested in the ether series. 

3. We found no evidence in mice of the five abrupt, discontinuous steps 
reported by Cameron (1941) and considered by him as indicating five abrupt 
changes in the respiratory chemistry of the rats and rabbits used in his experi 
ments. However, the anesthetic which he employed (CQO), rather than the 
use of other species, may account for this difference. 

In conclusion, we believe that these curves indicate the possible value to 
surgical technique of combining an anesthetic with a lowered body temperature, 
thus increasing the length of the narcosis and anesthesia time, without Increasing 
the amount of the anesthetic which the body receives 


SUMMARY 


1. With mice more than three weeks old, differences in age or in environ- 
mental temperature are not effective in changing the length of time required 
to kill them with ether or chloroform. 

2. But with mice less than three weeks old, the effectiveness of these anes 
thetics diminishes as vounger and younger mice are tested 

3. And also with mice less than three weeks old, the effectiveness of these 
anesthetics diminishes as the mice are exposed to colder environmental tem 
peratures. 

t. These observations support the theory that a fall in the internal tem 


perature is the principal cause of the slower effectiveness of the anesthetics. 


5. A possible application to surgery is suggested. 

6. Two homozy gous strains of mice differing from each other in three un 
linked pairs of genes, show no significant differences in their times of succumbing 
to ether. 
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Since Rosenblueth, Leese and Lambert (1933) deseribed the electric responses 
of some smooth muscles in the cat, several other studies on this problem have 
ippeared. Neither the svstematization, nor, particularly, the interpretation ot 
these electric phenomena is uniform. The data suggest that some of the dis 
crepancies are due to the fact that although smooth muscles form a homogeneous 
matomical group, physiologically the group is probably heterogeneous (se 
Rosenblueth, 1941). 

The purpose ol this study Was to compare the electric responses of two smooth 
muscles of the cat, the nietitating membrane and the tail pilomotors. “These two 
muscles were selected because of their similarity and simplhicity > both consist ot 
oriented elements, readily available for study; both have a single excitatory ad 
renergie svmpathetie nerve supply; both respond to single shock stimulation 
hoth exhibit little or no spontaneous activity. 

\MIerHop. Cats were used, under dial anesthesia (Ciba, 0.7 ce. per kgm., in 
traperitoneally : For recording from the nictitating membrane the lids were 
separated at the outer canthus and the eveball was removed after severance of 
the conjunctiva and the extrinsic striated muscles. The mechanical tracings 
were obtained by attaching the free end of the membrane to a light Sherrington 
frictionless torsion-spring myograph. The beam of light reflected by the mirrot 
on the myograph was sent to the back of the film in the camera that photographed 
simultaneously the electrograms from a cathode ray oscillograph 

A mechanogram which reflected closely pilomotor activity. Was obtained as 


lollows. Contraction of the pilomotor muscles results not only in erection of the 


hairs, but also in a movement of the skin toward the base of the tail \ small 
transverse cut was made and a serrefine was clipped on the basal flap ot the 
wound. This serrefine was attached to a torsion-spring myograph and the move 

ments of the skin were photographed as in the case of the membrane Caretul 


simultaneous observations of the erections of the hairs in response to svmpathetie 
stimulation and of the excursions of the beam of light from the myvograph showed 
that the movements were quite parallel. 

The electric responses were led off the animal by means of wicks moistened 
with Ringer and connected to impolarizable chlorided silver plates. The position 
of the leads varied in different experiments and will be deseribed with the results 
The responses were amplified usually by a 5-stage direct-coupled amplifier and 
recorded from cathode-ray oscillograph. Exceptionally capacity-coupled 
amplification was used, 
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The stimulating electrodes were silver wires, insulated by rubber from su 
rounding tissues. They were placed on the preganglionic cervical svmpatheti 
trunk in the neck, after central section, or on the lumbar chains, at the level ot 
L4, after central crushing. The stimuli were condenser discharges through a 
thyratron. 

The injections of cocaine, veratrine, ergotoxine and piperidinomethyv1-3 
henzodioxane (933) were made intra-arterially, into the carotid for the mem 
brane and into the abdominal aorta for the pilomotors of the tail. When vera 
trine was injected into the carotid the brain was previously pithed, to prevent the 
marked and persistent contractions of the striated musculature of the head, 


which otherwise ensue. 


Fig. 1. Normal electrograms. In this and the following figures the records were taker 
with a direct coupled amplifier, unless otherwise stated The small, sharp excursion whic 
sometimes precedes the response is the stimulus artifaet. Maximal stimuli were employed 
The amplitude of the responses snd the speed of the reeord are calibrated by the lines in the 
left lower cornet 

\. Pilomotors of the tail. The arrow indieates the time of stimulation. Calibrations 
1 see. and | my In this and the following pilomoton records the leads were placed on 
subcutaneous tissues, about 5 em. apart, near the terminal region of the tail, after removal 
of a small portion of the skin at each lead Upward excursions denote positivity of thy 
electrode pl iced toward the base of the tail with respect to the one placed toward the tip 

B. Nietitating membrane Leads at the free edge and the external canthus, respec 
tively | pw ird exeursions denote positivity ot the free edge Calibrations: 0.5) se 


and 0.2 mv 


RESULTS. A. Tike Pilomotors of the Tail. a. Re SPONSES to single maximal shocks 
A characteristic electrogram from the tail is illustrated in figure LA. The re 


sponse is to a single maximal shock applied to the lumbar sympathetic chains 


The lead-off electrodes were placed lengthwise, about 5em. apart, in contact with 
subcutaneous tissue, after removal of about | sq. em. of skin at each contact. 
Figure 1A is labeled “pilomotor response.”’ That structures in the tail other 
than the pilomotors do not contribute to the electrogram was shown by the 
following controls. Removal of the skin between the leads abolished all electric 
responses (cf. Rosenblueth, Davis and Rempel, 1936). Tf the leads were placed 
transversely on the tail, instead of longitudinally, all electric responses disap 
peared; this proves that the elements responsible for the electric phenomena are 
specifically oriented in the tail and the only oriented: structures known in the 
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skin are the pilomotors. The possible influence Ol Vuasomotor changes on thi 
electrograms Was investigated by comparing normal responses with those ob- 
tained after clamping the abdominal aorta; no significant difference was seen 
Finally, in the dog, stimulation of the lumbar svympatheties leads to pilomotot 
erection in the base of the tail, but not toward the tip; in 2 dogs electric re 
sponses, quite similar to those in the cat, were seen when the leads were at the 
basal region, where erection of the hairs was observed, and no electric phenom- 
ena appeared when the leads were placed near the tip. 

The electrogram in figure 1A is complex. Lambert and Rosenblueth (1035 
recognized three components of the pilomotor electric response, but that appears 
now to be too simple a systematization. In the record there are 7 successive 
swings of alternating polarity —1.e., the spot moves first in the direction indicative 
of positivity of the base, then in the opposite direction, ete. A svstematization 
into 7 Components is thus suggested. It is possible, however, that fewer than 7 
components could vield 7 waves. Thus, some of the components could be 


diphasic, or else a brief excursion of a given polarity could break into a longer 


Fig. 2. Different types of normal initial responses from the pilomotors. Calibrations 


sec. and 0.5 my The records are from different animals; the leads were pl iced similarly 


From A to 1) component 1 decreases, while component 2 increases 


excursion of Opposite sign if it were superimposed in its Course. Since the 7 
swings in figure LA were often observed, however, with approximately similar 
latencies (fig. 6B), reference will be made to them as waves / to ? of the electro 
gram, respectively. The evidence presented below will identify some of these 
swings as individual, independent Components. 

b. Components 1 and 2. The initial exeursion of the electrogram: was usually 
au sharp swing in which the base became positive with respect to the tip.  Oeen 
sionally, however, a base-negative swing started the response. In figure 2 are 
shown a series of records from different animals illustrating pure base-positive 
(A), diphasie (Band C) and finally pure base-negative (1)) initial excursions 

This apparent inconsistency of the early swing of the electrogram had been 
noted by Rosenblueth, Davis and Rempel (1936). The explanation suggested 
now is that there are two early successive monophasic Components, of Opposite 
polaritv, 7 base-positive, and 2 base-negative. In some animals component 2 
is entirely masked by / (fig. 2.4); in others, 7 is minimal or absent (fig. 21D In 
some experiments an apparent reversal of the initial excursion of the eleet rogram 


took place (ef. Rosenblueth, Davis and Rempel). Invariably in such eases, if 


A B Cc D 
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the reversal was from base-positive to base-negative the lateney of the responses 
was lengthened (transition from / to 2), and conversely, if the reversal was from 
base-negative to base-positive the lateney decreased (appearance of / 

In a series of observations the responses to single shocks were recorded before 
and after a brief period of rapid stimulation. Characteristically the post-tetanic 
responses showed a large increase of the mechanogram and several changes of the 
electrogram, Prominent among the latter was a marked increase of component 
? at the expense of 7. Figure 3 illustrates an observation taken with a eapacity- 
coupled amplifier in order to filter out the large component 7 which develops upon 
repetitive stimulation (see below). The increase of 2 after the tetanus and the 
gradual return of 7 are typical. 

An independent increase of either / or 2 was seen after injections of drugs. 
Thus, in figure 4A, component / increases in the course of repetitive stimulation 


Fig. 3. Post-tetanic inerease of the mechanical response and of Component 
pilomotors. Capacity-coupled amplifier. Calibrations: 2 see. and 2 my Responses 
single shocks applied as follows. A: control before tetanic stimuli. B to G: 15, 22 
36, 43 and 50 see., respectively, after 2-sec. stimulation at the rate of 60 per see. He: control 
5 min. later In this and other figures illustrating mechanical responses of the pilomotors 
the mvograph (lower tracing) was attached to the skin. See Method for the explanation of 
this procedure 
after cocaine, while in figure 4B a similar increase of 2 is illustrated after 933F 
\ striking se paration of the two components also occurred atter injections of 
ergotoxine. Shortly after the injection component / increased up to 150° per 
cent of its original amplitude. It later decreased until total disappearance. 
Component 2 was still present, however, and increased markedly with repetitive 


stimulation (fig. 5 
¢. The swings 3 oO. The inference that the exeursions / and 2 denote 


separate, independent components ol the electrogram is justified by the data 


presented above (figs. 2 to 5). A similar inference for the swings 3 to 6 does 
not emerge as clearly from the observations. Thus, the swing 3 might be a 
continuation of component /, transiently masked by a brief 2. Or else 4 and 5, 
which frequently varied together and which followed each other without any 
obvious discontinuity, could be a single diphasic component. 


A careful study of the records, however, suggests that all the exeursions under 
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consideration are capable of independent variation in different experimental 
conditions. A detailed deseription of the behavior of each of these swings in 
the several experiments would be lengthy and unfruittul; a few observations 


showing the preponderance or absence of some of them are illustrated in figures 


Gand 7. It is tentatively concluded that the swings 3 to 6 denote the develop 


ment of separate Components ol the electrogram. 
ad. Component i The final slow base positive wave ot the ele trogram ap 


peared in all the animals studied. In some cases it was not obvious after singh 


Fig. 4. Inerease of component 7 ! of the pilomotors Upon repetitive 
Calibrations: 2 see. and 2 my 


\. After cocaine (6 mgm. per kgm.). Component 7 increases progressivel) 


nother animal, after 933F (5 mgm. per kgm.) Component 2 increases progressty 


Fig. 5 Disappearance of component J and persistence of Component 
motors after ergotoxine (1 mgm. per _kgm.). Calibrations ind 2 my 
A. Responses before ergotoxine B. Responses 15 min. after ergotoxine 
increased immediately after the injection of the drug and late: disappeared 


5 min. later Phe increase of component 2 is due to an intervening 


shock stimulation, but it then emerged clearly upon the delivery 
shocks at relatively slow frequencies (1 to 4 per sec 

That this slow wave belonged to the pilomotor electrogram was shown as 
follows. As already mentioned (section a) the wave disappeared Upon trates 
verse, Instead of longitudinal, recording. Removal of the skin between the 
leads also abolished the response Clamping the aorta did not prevent its 
development. It was absent at the tip of the tail of the two dogs studied, and 
present at the base. Spurious slow waves could be due to a change of resistances 


between the leads if the direct-coupled amplifier were unbalanced. But such 


| 

| 
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spurious waves would change in polarity with the direction of the unbalance 
in the amplifier. The wave 7, however, always indicated positivity of the 
hbase with respect to the tip of the tail. Spurious waves could also result from 
a shift of contact of the leads with the tissues (see nictitating membrane, below 

Since the skin moves with the pilomotor contractions such shifts of contact are 
possible. But in the majority of the observations the leads were in contact 
with the subeutaneous tissues and enough skin was removed so that no movement 
could affect this contact. Neither vasomotor activity nor spurious changes 
would probably be significantly affected by the interelectrodal distance, vet 
component 7 was found to increase with the interelectrodal distance within a 
range of to 6 em. The other components of the electrogram also increased 


6. Independent growth of component 4 of the pilomotor electrogram alibrations 
and 2 my 
\. Control before cocaine. B and C. Responses to two shocks 12 see. apart after 
cocaine (3 mgm. per kgm.). Component 4 increases in the second response, while com 
ponents 6 and 7 decrease 


Fig. 7. Independence of components 4 and 6 of the pilomotor electrogram 


lsec. and2myvy. Responses to two shocks. 


Calibrations 


\. Normal control. The second shock elicits a large component 6. B. Three minutes 
after tetamie stimulation. The electrogram consists mainly of components / and 6. ¢ 
After veratrine (0.6 mgm. per kgm.). The second shock elicits a large component 6 

with the distance between the electrodes (ef. Rosenblueth, Davis 


pel, 1936). 


and Rem- 


The amplitude and duration of component 7 were directly proportional to 
the number and to the frequeney of the shocks applied. In figure 8 the influ- 
ence of the number of shocks is illustrated. With high frequency stimulation 

g., 30 per sec.) component 7 could attain 5 times the amplitude of component /, 
it could thus be as large as 5 mv. and its duration up to several minutes. 


Relations between the electrogram and the mechanogram. The behavior of 


the several components of the electrogram was studied in responses in which 
the amplitude of contraction of the pilomotors was modified by different experi- 
mental conditions. This analysis revealed that the early components / to 4 
did not show any correlation with the amplitude of contraction. 
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Thus, after cocaine the mechanical responses to single shocks were markedly 
nereased (ef. Rosenblueth and Rioeh, 1933), and component / was only slightly 
iger than normal. If several stimuli were delivered at a rate of 5 to 20 per 
iin., the contractions gradually declined in amplitude, while / remained large 
fig. 6B and @). Similarly, after ergotoxine the initial increase of 7 coimeided 
with a decrease of contraction. 

The independence of 2 and of the mechanical responses was indicated by the 
ffects of ergotoxine and of 933F. With the first drug long series of stimuli 

could be delivered at a slow rate which caused electric responses Consisting 
mainly of a large 2 (see fig. 5) and with little or no erection of the hairs. Atte: 
injections of 933F component 2 was usually large, while the mechanical responses 
were smaller than normal. Without drugs, during the post-tetamic period, 
marked changes of 7 and 2 took place which were not paralleled by the mechano 


gram (fig. 3) 


With regard to components 3, 4 and 5 it is sufficient to state that only ocen 


sionally did they show variations parallel with the changes in contraction 

In contrast with the waves / to 5, components 6 and especially ? frequently 
changed in amplitude as did the mechanical responses. Thus, they were large 
than normal after injections of cocaine (fig. 6) or veratrine (fig. 7), drags 
which increase the mechanical effects of single shocks; and they were smaller 
or absent after 933F (fig. 4B) or ergotoxine (fig. 5), drugs which decrease the 
mechanical responses. 

The time course of 6 and 7? cannot be determined accurately, since there is 
no indication of their precise beginning and end, and since several of the com 
ponents of the electrogram probably overlap. Contraction starts approxi 
mately at the beginning of 5. In general, with the exception of the cases where 
a large 7 overwhelmed 6 (fig. 9C, 2nd response), the time course of 6 was similar 
to that of the development of tension, the peak of 6 coinciding with the middle 
of the rising phase of the mechanogram (fig. 9A, and C, Ist response ). 

The time course of 7 was invariably delaved as compared with that of the 
mechanogram. Thus the peak of 7? could appear late during the period ot 
relaxation, and total relaxation was often seen while 7 was still of measurable 
amplitude (figs. 6 and 9). 

f. The resting potential. A difference of potential was found consistently 
between the leads when thev were placed longitudinally on the tail. The basal 
electrode was positive with respect to the tip electrode. The difference ot 
potential increased with the interelectrodal distance at approximately 2 my 
per em., for distances from | to Gem. Removal of the skin at one or both ot 
the contacts did not modify the potential difference, nor did the clamping of 
the aorta, 

Since this resting potential did not disappear when all the skin was removed 
between the leads it is inferred that the potential is not of pilomotor origin. 
Its study was therefore not pursued. 

g. The action of the drugs. The drugs were used merely as tools for the separa 
tion of the components of the electrogram and for the examination of the rela 


270 \. ROSENBLUETH AND E. C. DEL POZO 


tions between the electrogram and the mechanogram. For this reason thi 
emphasis has been placed on the responses, not on the effects of the drugs. I 
this section Is given a summary of the actions seen. 

Cocaine (3 to 8 mgm. per kgm.) caused a marked increase of the pilomotor 
mechanical responses to single nerve vollevs. Several of the components of 
the electrogram, particularly 7, were usually larger than normal after cocaine. 
The responses to shocks spaced at about 5 to 10-see. intervals showed a pro 
gressive decrease of the mechanogram and the electric Components 5, 6 and 7 
the components 7 and 4, on the other hand, did not decline significantly (fig. 6). 

Veratrine (about 0.1 mgm. per kgm.), like cocaine, caused an increase of the 
mechanical responses. The increase in this case, however, was probably due 
to repetitive discharges of the nerve fibers in response to single shocks (see 
Rosenblueth and del Pozo, 1942). Some or all the components of the electro- 
grams were increased in the different experiments. In nerve axons (Graham, 
1930), in the superior cerviea! ganglion (Rosenblueth and del Pozo, 1942), and 
in striated muscle (Rosenblueth, Wills and Hoagland, 1941), veratrine augments 
the spike potential and especially the negative after-potential. Repetitive 
stimulation of these structures (see also Acheson and Rosenblueth, 1941) leads 
to striking and characteristic changes of the responses. No specific component 
of the pilomotor electrogram increased after veratrine in a fashion suggestive of 
being analogous to the negative after-potential, nor did the changes scen upon 
repetitive stimulation parallel those whieh oceur for the spike and the nega- 
tive after-potential. 


After injections of 933F the mechanical pilomotor response was decreased, 


The most striking change in the electrogram was an increase of Component 2. 


Repetitive stimulation led to a further increase of this wave (fig. 4B). 

ergotoxine (0.5 to 3 mgm. per kgm.) resulted in a relative paralysis of the 
muscles. The mechanical responses to single shocks or to repetitive trains at 
slow frequencies (0.5 to 5 per see.) were readily and entirely abolished. Regard- 
less of the dose of ergotoxine administered, however, sufficiently rapid stimula- 
tion of the svmpathetic (20 to 60 per see.) invariably caused erection of the tail 
hairs, the more marked the more frequent or prolonged the stimuli. It appears 
as if a eritical concentration of svmpathin has to be attained, after injections 
of the drug, in order to elicit muscular contraction. Some of the changes in 
the electrogram were described on p. 269 and illustrated in figure 5. In addi- 
tion, components 3 to ? were absent in the responses to single shocks. With 
frequencies sufficient to cause contraction, components 6 and 7 reappeared in 
the electrogram. 

B. The nictitating membrane, a. Responses to sinale maximal shocks. The 
electric responses of the nictitating membrane, first described by Rosenblueth, 
Leese and Lambert (1933), have been further studied by Baeq and Mon- 
nier (1935), Monnmier and Baeq (1935), Lambert and Rosenblueth (1935), 
Rosenblueth, Davis and Rempel (1936), and Eecles and Magladery (1937a 
and hb). The deseription here will be brief; it will be made as a comparison with 
the pilomotor electrogram and will emphasize mainly features important for 
the evaluation of earlier interpretations. 
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The electric responses of the membrane may sometimes be quite similar to 


hose of the pilomotors (ef. fig. LA and B); they may, however, in other cases 


markedly different (figs. lO and 11). This suggests that some components 


‘common to both electrograms, while others may appear exclusively in 


me ot the two muscles. 


7 of the pilomotors with the number of shocks delivere: 


ta constant frequency Calibrations: 2 see. and, my A, Bo and C, 3,5 and 7 shocks 


hig. S. Increase of component 


espectively 


Fig. 9. Relations between the slow components of the pilomotor electrogram and t 


mechanogram 
A. Normal animal. Responses to 3 shocks 
inother animal, after cocaine (6 mgm. per kgm.) 


tesponses totdand then toS shocks, at the same fre quency 


Calibrations: 4 see. and 2 my 


Calibrations: 2 see. and 1 my 


inother animal Calibrat 


and 5 mv. 
The electrogram of the membrane is strikingly influenced by the relative 
In the pilomotors the position 


position of the recording leads (fig. 10K to H 
204 


of the leads affects the relative amplitude of all the components equally (p 
Rosenblueth, Davis and Rempel, 1936), not differentially, as is the case for the 
This difference may be due to the more uniform orientation of the 
(Acheson, 1938 


membrane. 
muscular elements in the tail than that in the membrane 


The initial excursion of the electrogram is sometime 


bh. Components 1 and 2. 


A B 
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monophasic (free edge positive, fig. LOH), sometimes diphasie (fig. LOB and ¢ 
Kecles and Magladery (1937a) inferred from their observations that this initia 


Fig. 10 Separation of components 7 and 2 in the nictitating membrane 
coupled amplifier Calibrations: 0.5 see. and 0.4 my One recording lead was place 

the tree border of the membrane, the other in various positions. Upward excursions 
le hote POSTTIN itv of the lead at the tree edge with respect to the second one 

\. B and ¢ Successive responses to shocks delivered at l-see. intervals Phe second 
lead was inside the orbit, near the optie nerve Component ? grows at the « y pense 
component / 1D. In another animal Leads as in A, B and (¢ Response to 


shock In contrast with A, a small component / is followed by a large component 2. | 


singt« 
(, and H In another animal Responses to single shocks The second lead varied ~ 
follows: E, external canthus; F, lower lid; G, upper lid; H, internal canthus In ky com 
ponent J is followed by 2; F shows exclusively 2; G is an atypical complex record, a briet 


seems to develop in the course of 1; H shows initially a pure / 


Fig. 11. Effeets of cocaine (8 mgm. per kgm.) on the electrogram (upper tracing) and the 
mechanogram (lower tracing) of the nictitating membrane. Calibrations: | ce. and 
O.4 my 

\ Jefore cocaine Responses, first to a single shock, then to a brief series of stimuli 


B. After cocaine Response to a single shock 


excursion was always diphasic, and that the monophasic character in some 


records was due to the early appearance of a later component which masked 
the second phase of the first diphasic wave. 
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The present study leads to the conclusion that in the membrane, as in thi 
jlomotors p two monophasic early components Of opposite polarity 
and 2, occasionally follow cach other without a break, and sug 


est thus 
ingle diphasic wave The evidence for this conclusion is similar to that pre 
sented tor the pilomotors. An independence of the relative amplitude of the 
two Components Was scen in several conditions, as follows 

The position of the leads could determine whether 7 or 2 was dominant in 
the early part of the electrogram. (ct. fig. 10k to H Repetitive stimulation 
it slow frequencies usually resulted in a progressive increase of 2, while J was 


unchanged or decreased (fig. LOA to ©). Finally, some of the drugs tested 


could differentially increase or decrease one or the other of the two components. 


Kig. 12. Absence of refractoriness of the membrane during the course 
waves. Calibrations: 2 see. and 0.4 my 

Ato D, after cocaine (4 mgm pe kgm.) Responses, \. to a single shock ind 1) 
to repetitive stimuli at Increasing frequencies as shown by the brief /-2 compl Yes | it 
another animal, after veratrine (0.15 mgm. per kgm.). Responses to repetitive stimull as 


shown by the brief component 


¢. The rhythmic component. This component (see figs. 11B and 12.4) con 
sists Of a series of Waves recurring rhythmically at a rate of 0.7 to 2.5 per sec 
and declining gradually in amplitude. It is characteristic of the nictitating 
membrane; it never appeared in the pilomotors in any of the present experiments 
or in those previously performed in this Laboratory. It was described, but 
not recognized as a specific component, by Lambert and Rosenblueth (1935 
It was later identified and carefully studied by Eecles and Magladery (1937b 

Our observations largely confirm those of Eeeles and Magladery. Tn addi 
tion, it was found that injections of cocaine are very effective in reinforcing the 
component, when present normally, or in bringing it out, when absent. big 
ure illustrates a typical observation. Veratrine, like cocaine, also increased 
the rhvthmic component. 


In only one point do our observations differ from those of Eecles and Mag 
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ladery. They encountered evidence that the initial components response 
to successive shocks were small if they developed during the course of a rhythmic 
wave set up by a previous stimulus. From this evidence they inferred that 
some of the muscular elements of the membrane were refractory to nerve im 
pulses during a rhythmic discharge and, further, that this was proof of the 
fundamental similarity of the processes denoted by the initial complex and by 
the rhythmic waves of the electrogram, respectively. 

Figure 12 illustrates series of responses of the membrane elicited at different 
times in the course of the development of rhythmic waves. Although occa 
sionally components 7 or 2 seem smaller than normal this apparent decrease 
may well be due to the purely electrical interaction of waves of different sign. 
There is no clear evidence in the records, which are typical of a large series ot 
observations, of any functional correlation between the rhythmic component 
on the one hand, and components / or 2 of the electrogram, on the other. 

d. The slow final component of the electrogram. Rosenblueth, Leese and Lam- 
bert (1933) deseribed a prolonged final component of the electrogram, whose 
beginning was roughly simultaneous with the beginning of contraction. A 
similar slow component, slightly preceding contraction and later following a 
time course parallel with that of the mechanical response, was described) by 
Baeq and Monnier (1935). Eeeles and Magladery (1937a) stated that when 
a slow electrical deflection was seen in their records it usually disappeared on 
shifting the electrodes to minimize movement artifacts. 

Our experience agrees with that of Eecles and Magladery on the importance 
of movement artifacts as a source of error. These artifacts are difficult to avoid 
since rigorous isometric contractions have thus far not been achieved for 
the membrane, as will be shown in the discussion. Little or no movement 
artifacts were present, however, when one lead was placed close to the insertion 
of the myograph, tightened until no significant movement of that portion 
occurred, and the other on the periorbital tissues, e.g., at the external canthus, 
where little or no smooth musele is present. Although only small, a slow late 
component invariably developed in these conditions upon repetitive stimulation 
for | or 2 sec. at frequencies of 5 to 20 per see. The polarity of this component 
was usually free-edge positive. It may be inferred, therefore, that there prob- 
ably is a slow late component of the electrogram of the membrane (see Lambert 
and Rosenblueth, 1935). This component may be analogous to component 7 
of the pilomotors (figs. 8 and 9), but there is a striking difference in the amplitude 
of the two phenomena—-the pilomotor wave is much larger than that of the 
membrane. 

e. The action of the drugs. Some effects of cocaine on the responses of the 
membrane were reported by Rosenblueth and Cannon (1936). The large 
increase of the rhythmie component illustrated in figure 11 may be added here. 
Rosenblueth and Cannon also described some effects of 933F. The present 
observations indicate that, as in the pilomotors, the increase of the initial com- 
plex is due mainly to an increase of component 2. Injections of this drug to 
normal or to previously cocainized cats resulted in a decrease or disappearance 


of the rhythmic component. 
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As already reported by Rosenblueth, Leese and Lambert (1932), ergotoxine 
abolishes all the electric responses of the membrane. This is in contrast with 
the persistence of some of the pilomotor components even after large doses of 
the drug (fig. 5). 

Veratrine, like cocaine, increased the rhythmic component of the electrogram. 
\s in the case of the pilomotors (p. 270) no components suggested after veratrine 
a similarity with the spike potential and the negative after-potential of striated 
muscle or of nerve. 

Discussion. A. The methods. In studies dealing with electric changes in 
muscle, isometric contractions are preferable to isotonic conditions, because 
the changes of length of the muscular elements may modify the electrogram 
and because they may lead to movement artifacts (p. 274). A method which 
would permit the isometric recording of pilomotor activity is not available. 
The mechanograms in figures 3, 6 and 9 merely indicate the time course and 
the gross amplitude of the pilomotor response. 

Even in the nictitating membrane, where isometric conditions appear more 
readily attainable, the present and previous mechanograms are not isometric. 
The smooth muscle that causes withdrawal of the membrane has no insertions 
on bone (Acheson, 1938), so that fixation of the free edge of the membrane 
without a concomitant immobilization of the intra-orbital portion of the muscle 
does not prevent an undetermined degree of shortening. 

Baeq and Monnier (1935) claimed that monophasic electric recording from 
the membrane, instead of diphasic, is possible if a portion of the muscle is 
depolarized by means of KCl. Monophasic recording would be quite desirable 


because it would give a more accurate picture of the changes at a given point 


in the cells, and because it might distinguish conducted from non-conducted 
events. 

Baeq and Monnier (1935) and also Monnier and Baeq (1935) did not obtain 
monophasic recording conditions by their procedure. The KCl lead was not 
on muscle, but on cartilage and connective tissue covered by the conjunctiva. 
Indeed, a comparison of records obtained with the present ‘‘diphasic’’ leads, 
with records secured by the method of Baeq and Monnier, in the same animals, 
reveals no significant difference. 

If the muscle elements in the membrane and pilomotors are discrete units 
and do not form a syneytial tissue, as is probable, then monophasic recording 
could only be attained by damaging a portion of an individual cell and studying 
that single element. 

The principles involved in the previous argument apply to other aspects of 
the problem of the smooth-muscle electrograms. Bacq and Monnier (1935 
described the measurement of a demarcation potential in the membrane by the 
technique mentioned. Not only is the existence of this demarcation potential 
questionable on the grounds already expressed but, in addition, the use of KC! 
for ‘‘depolarization” of tissues may be criticized as follows. As is well known, 
there is a difference of potential between two solutions of different concentra 
tions, when connected electrically. The application of KC] to a certain region 
of a tissue may therefore set up a concentration cell, and the difference of poten 
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tial measured may not denote a demarcation potential. Indeed, a KC les 

placed on the mesentery, or on a tendon, records a difference of potential agains; 
another electrode without KCl on the same tissues, yet there is no reason t: 
suppose that these structures have a demarcation potential. 

Eecles and Magladery (1937a) question the slow potential changes of th 
membrane described by Rosenblueth, Leese and Lambert (1933) because i: 
appears unlikely to them that slow changes would record with diphasic leads 
This argument would be valid if a slow change were uniform throughout thy 
smooth-muscle cell. If the change in the cell were asymmetric—i.e., if one pol 
of the cell became enduringly electropositive with respect to the other pole 
then a slow change would record readily with diphasic leads. Since the slow 
component 7 of the pilomotor electrograms is not.an artifact (p. 267) it may bh: 
inferred that the suggestion of Rosenblueth, Davis and Rempel (1936), that 
smooth-muscle cells can exhibit asvmmetric electrical changes, is corroborated 
by the data. 

B. The significance of the electric responses. The appearance of an electri: 
phenomenon in a tissue reveals the occurrence of an event and places it in time, 
but does not give any information as to the nature of the event other than that 
it has an electrical sign. On the basis of an assumed analogy the initial com- 
ponent / of the electrograms of the membrane and pilomotors was interpreted 
by Rosenblueth, Leese and Lambert (1933) as equivalent to the spike potential 
of striated muscle. It would then be indicative of a propagated wave similar 
to a nerve impulse. This interpretation was later rejected by Rosenblueth, 
Davis and Rempel (1936) because of several considerations which need not 
be repeated here. 

Eecles and Magladery (1937a) adopted the view that, with the exception 
of a component prominent only on very weak stimulation (the N wave), all 
the components of the electrogram of the membrane were equivalent to the 
spike potential of striated muscle—i.e., that they denote propagated waves 
which obey the all-or-nothing principle and which are followed by a_ refrac 
tory state. 

Eecles and Magladery interpreted the two deflections 1 and 2 as the two 
phases of a single diphasie wave. This supposed diphasicity was the main 
argument for inferring a wave of negativity which propagated beneath the 
electrodes from the orbit to the free border of the membrane. The inference 
is not supported by the present analysis, since there is not a diphasic wave, but 
two independent monophasic components of opposite sign, both in the membrane 
(fig. 10) and in the pilomotors (figs. 2 to 5). 

A further argument used by Eccles and Magladery (1937a) in favor of the 
conducted nature of the electric phenomena was an occasional change in the 
latency of the peak of 7 when one lead was kept fixed at the free border of the 
membrane and the other was shifted to different positions on the external 
surface of the organ. As pointed out by Acheson (1938) these results may not 
be explained on the basis of conducted waves, for the positions of the movable 
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ELECTRIC RESPONSES OF SMOOTH MUSCLE 


electrode were such that there were no underlying muscle elements in the major 


itv of the observations. 

Were there any components of the electrograms of the membrane and pilomo 
tors analogous to the spike potential and the negative after-potential of striated 
muscle, it would be expected that veratrine should elicit changes of these com- 
ponents similar to those it evokes in the corresponding electric phenomena in 
the striated tissue. This expectation is not fulfilled by the data (pp. 270, 275 

Eeeles and Magladery (1937a) presented records which they interpreted as 
indicative of a refractory condition of some elements during the development of 
the rhythmic waves of the membrane. In the experiments illustrated in fig 
ure 12, there is no evidence of a refractory state at any time during the waves 
of the rhythmic component. These observations confirm Rosenblueth and 
Acheson’s (1937) conclusion that the membrane does not have a refractory state. 

The complexity of any muscle is such that it is not surprising that the eleetro- 
gram should include several components, even if none of these electric phe- 
nomena corresponds to a propagated disturbance of the type which exists in 
striated muscle. As suggested by Rosenblueth, Davis and Rempel (1936), 
some of the components may correspond to the excitatory processes: the release 
and diffusion of the chemical mediator and the changes it undergoes before it 
exerts its action on the contractile svstem. In addition the mechanical changes 
may also have an electric sign. Finally, the recovery processes may in turn 
lead to electrical changes. 

Because of the rough parallelism between the slow final component of the 
membrane and the development of tension, Baeq and Monnier (1935) assumed 
that the change of polarization was the cause of contraction. As pointed out 
before (p. 274) the membrane is not a suitable organ for the study of the slow 
components of the electrogram. 

In the pilomotors, where the late components are readily identified, both 6 
and 7 vary directly with the mechanical responses (p. 269). Since 6 coincides 
with the period of development of the mechanical effect it is probable that it 
is the electrical sign of the chemical changes which correspond to this develop- 
ment. Component 7, on the other hand, clearly follows the mechanical events. 
It is reasonable, therefore, to interpret it as the manifestation of recovery 
processes. 

C. The differences between the membrane and the pilomotors. As stated in the 
introduction these two smooth muscles were selected for study because many 
of their physiological properties are similar. It is interesting, therefore, to 
note that the similarity does not extend to all the electric responses. 

The initial components 7 and 2 of the electrograms have similar properties 
in the two muscles, when tested by repetitive stimulation at slow frequencies or 
after injections of veratrine and of 933F. The electrogram of the membrane 


/ 
ty 


> and 6 of the pilomotors (fig. 1A and B). With the data on hand it is not 
warranted, however, to affirm that this similarity is more than superficial. 


may sometimes exhibit a succession of waves reminiscent of components 3, 
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It is probable that the membrane has a prolonged final component analogous to 


component 7 of the pilomotors (see p. 274). 

A striking difference between the two electrograms is revealed by the rhythmir 
component, very readily obtained in the membrane (figs. 11 and 12) and in- 
variably absent in the pilomotors. A further difference is indicated by th 
persistence of electric responses in the pilomotors after injections of ergotoxin: 
(fig. 5), as contrasted with their absence in the membrane (p. 275). 

These differences in the electric responses of two otherwise quite similar 
muscles support the view stated in the introduction that smooth muscles form 
a heterogeneous class. It is not valid, therefore, to generalize from observa- 
tions on one sample to the class as a whole. 


SUMMARY 


The electric and mechanical responses of the nictitating membrane and the 
tail pilomotors were studied in cats. Injections of cocaine, veratrine, 933F or 
ergotoxine were used in order to separate out various components in the electro- 
grams and to examine the relations between electric and mechanical events. 

The pilomotor electrogram exhibits 7 components (fig. 1A) which may vary 
independently (figs. 2 to 8). Components / to 5 show no correlation with the 
mechanogram. Components 6 and 7 vary, as a rule, with contraction (p. 269). 
Component 6 coincides with the development of the mechanical response (figs. 
6B and 9C); it is interpreted as correlated with the chemical changes associated 
with this development. Component 7? outlasts contraction (fig. 9); it is assumed 
to correspond to recovery processes. Both slow components 6 and 7? can be 
recorded from ‘ 
metric change in each muscular cell. 


‘diphasie”’ leads, thus proving that they correspond to an asym- 


The first 2 components of the membrane electrogram (fig. 10) are similar to 
those of the pilomotors—they are monophasic waves of opposite polarity. 
The membrane has at least one component never encountered in the pilomotors, 
the rhythmie component (fig. 11B). Components / and 2 may develop, in 
response to additional stimuli, during the course of the rhythmic component 
(fig. 12). These several components are therefore independent. 

The discussion is concerned with the methods for the study of the two smooth 
muscles (p. 275), with the significance of their electrograms and the features in 
which they differ from that of striated muscle (p. 276), and with the hetero- 
geneity of smooth muscles as a class (p. 277). 
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The introduction into the circulation of thromboplastie substance, as is well 
known, results in intravascular clot formation. This may be extensive and 
may be followed promptly by death. Such an outcome has been explained 
quite naturally as the consequence of mechanical circulatory block. On the 

; other hand, the clot varies considerably in quantity depending upon speed oi 
injection and various factors involved in the phenomenon of coagulation (1 
Indeed the clot may be insignificant in amount and so located, as for instance 
in a radicle of the portal vein, that it would be entirely incompatible with the 
mechanical explanation of the acutely fatal outcome of the experiment. 

These observations led to more detailed study of the circulatory changes 
subsequent to the intravenous injection of thromboplastic substance. It was 

) found that the primary stage of excitement so manifest with the unanesthetized 

dog is lacking when the animal is under the influence of nembutal. Then marked 


vasodepression occurs promptly. The blood pressure falls to 20 mm. Hg or 
1 


thromboplastic substance, returns to normal only after a varying period of a 
few minutes to a half-hour or more. 

The réle of blood coagulation in this vasodepressor phenomenon is elucidated 
by heparinization preliminary to the injection of thromboplastic substance. 
No fall in blood pressure occurs; furthermore, preliminary section of the cervical] 


less within } minute and, depending largely on the amount and potency of the 


or thoracic spinal cord does not interfere with the formation of clot after the 
injection of thromboplastic substance but the characteristic rapid and sus- 
tained fall in blood pressure is lacking (2). 

These observations, implicating clot formation and its action through the 
central nervous system in the hemodynamic changes effected by tissue extracts, 
led to further study involving other contrasting methods of causing vasode- 
pression. These included the use of histamine, well known to cause prompt 
dilatation of the peripheral vascular bed (3, 4) and also the method of release 
of an arterial occluding tourniquet recognized to be followed by a gradual but 
persistent fall of blood pressure to ‘“‘shock’”’ levels (5, 6). At the same time 
shifts in fluid, protein and fibrinogen content of the blood were determined. 
The experiments were varied to include other factors that might bear upon 
mechanisms involved such as electrolyte balance and the influence of the | 
nervous system as affected by section of the spinal cord and by anesthesia. 

After a brief statement concerning materials and methods, a combination of 
procedures involving agent and animal in general accord with the following out- 
line will be presented. 


1 Aided by grants from the Commonwealth Fund and the Markle Foundation. 
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Changes in blood pressure, hematocrit, and plasma protein effected by 7, the 
intravenous injection of thromboplastic substance; 2, the intravenous injection of 
histamine; 5, the release of an arterial occluding tourniquet. 

All (7,2,9) in a, anesthetized animals; 6, anesthetized animals with section of 
spinal cord; ¢, anesthetized animals with reduced tissue potassium ; /, unanesthe 
tized animals (group 3 not included). 

MATERIALS AND METHODS. Dogs were the animals of choice; no particular 
criterion in their selection except that of good general health was exercised 
Nembutal (pento-barbital sodium) in 30 mgm. per kilo amounts was used tor 
anesthesia and when an experiment continued for four hours or more a second 
intravenous injection of one-third the original quantity was found desirable 
The saline extract of the dried residue after acetone-ether extraction of minced 
pig testicle was the thromboplastic substance used; the histamine was the di 
hvdrochloride (Eastman). For interference with the circulation of the back legs 
thick-walled rubber tubing was applied just below the great trochanter of the 
femur on the outer side and as high as possible on the median side of cach leg 
The tourniquet was tightened to obstruct arterial circulation completely and lett 
in this state for five hours. Low potassium diet was tolerated well by all but an 
occasional animal. Low potassium diet as indicated in the following formula 
was supplemented daily with the B complex: Thiamine 10G ug., Riboflavine 25 


ug., Pyridoxine 60 vg and nicotinie acid 25 mgm. per kilo of the animal's weight 


Casein, 9000 grams Magnesium sulphate, 172 grams 
Cane sugar, 24,000 grams Ii sodium phosphate, 28S grams 
Crisco, 7000 grams Mono calcium phosphate, 722 gram 
( od liver oil SOO grams ( alerum lnetate 
Sodium chloride, 172 grams Ferric ammonium citrate 72 grams 


The animals lost from 20 to 25 per cent of their original weight but remained in 
general good condition during the 3 to 4 weeks required lor adequate reduction of 
tissue potassium. The blood pressure records with a mercury manometer were 
made from the femoral artery except when the experiments involved the back 
legs. Then they were made from the carotid. The hematocrit determinations 
were secured with 15 ec. of blood placed, as soon as drawn, in a graduated tube 
containing 30 mgm. of sodium oxalate. The tube was promptly rotated at 2000 
r.p.m. for 25 minutes prior to reading. Then the plasma was removed for pro 
tein including fibrinogen content values and other determinations. One cubic 
centimeter of this fluid was diluted with distilled water to 100 ce. of whieh 20 ce 
was used for the determination of nitrogen by the Kjeldahl method and another 
sample was required to ascertain fibrinogen content with the aid of protamine (9 

Changes tn blood pressure, hematocrit and plasma protein effected by the intra 
venous injection of thromboplastic substance in animals (a) under nembutal anesthe 


sia. The record that follows (dog 1) is typieal. The blood pressure tell from 


> "Ten grams of the diet contained less than 1.5 mgm IX (7) Phe Kk content of the skeletal 


! 
and heart muscle of dogs fed this diet for a period of over 3 weeks is reduced as much as 


25 per cent (own unpublished results) These figures are in accord with results by Darrow 


and Miller (S) 
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160 to 42 mm. Hg within 5 minute and the persistence of this low level tor 6 
minutes was associated with clot formation and a prompt shortening followed 
within | minute by lengthening of the coagulation time. The blood pressurs 
almost reached the pre-injection level within , of an hour and the coagulation 
time was prolonged for a much longer period. 

A second animal in this series of seven follows. Here blood pressure, hemato- 


crit and plasma protein changes are correlated. The loss of fluid trom the blood 


w 
a 
< CHANGES 
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? 30 45 6 

Fig. | Fig. 2 
hig. 1. Dog 1 The effeet of intravenous injection of testicle extract upon the blood 


pressure of a normal anesthetized dog condensed curve) 


Fig Dog 2. Hematocrit and blood pressure changes after intravenous injections of 


testicle extract In a normal anesthetized dog 


rABLE 1 
The effect of the intravenous injection of thrombo plastic substance on the anesthetized 


Vembutal dog 4 


PLASMA 
HEM RIT RIN 
PROTEIN 
per cer per cer per cer 
Before injection 12.0) 5.86 0.333 
10’ after injection 53.0 5. 0.100 
30’ after Injection 55.6 1.86 0.103 
60’ after injection 51.0 5.51 0.149 
Variation in per cent ol the original values (corrected for the change in hematocrit They 


represent the loss of plasma protein per unit of whole blood 


10! —28 (0) — 96.0 
— 49.0 — 100.0 
60" —27.3 ~76.6 


practically reached its peak in 10 minutes after injection and with minor variation 
remained fixed for more than an hour even though the blood pressure had reached 
its pre-injection level at a considerably earlier period. The plasma protein con- 
tinued to fall, only attaining its maximal loss after a half-hour and not returning 


Autopsy notes, dog 1 “There are fresh, stringy dark blue thrombi in some of the 
branches of the portal vein but they do not ocelude the lumen of the vessel. There is some 


thrombosed, light gray or gray red material, not very extensive, twined around the chordae 


of the tricuspid valve.— Lungs and Liver: Without hemorrhage or thrombi.”’ 
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to normal an hour after the experiment was begun. “The tibrinogen loss from the 


plasma reached its height after 10 minutes and only a slight return was observed 


an hour later. These facts are illustrated in table | and figure 2 

It should be recorded that the fibrinogen determinations were done in paralle| 
series using the methods of Cullen and Van Slvke (10) and Wu and Ling (11) for 
fibrin, and protamine for fibrinogen (9). The fibrin vield at the 10 minute and 30 
minute readings was negligible, confirming older observations in this particular and 
leading to the conclusion that injection of tissue extract results in defibrinogensa 
tion of the blood. The protamine method showed, however, that though the 
fibrinogen is decreased it still is present in O.1 per cent amounts or more; in other 
words, quantitatively adequate for clot formation. The absence of fibrin, there- 
fore, is not dependent on inadequate fibrinogen, but to the practically complete 
disappearance of prothrombin (12) as determined by Quick’s method (13 

Briefly stated, injection of thromboplastic substance into the anesthetized dog 
is followed by marked changes in blood coagulation time, pressure, hematocrit 


and plasma protein content. These changes have the same general trend but 


TABLE 2 


The effect of the intravenous injection of thromboplasti subs on the heparinized ad 


Before injection of thromboplastic substance 
10’ after injection of thromboplastie substance 


2¢ alter injection of thromboplastic substance 
50’ after injection of thromboplastic substance 


90’ after Injection of thromboplastic substance 


their extent, duration, and return to pre-injection levels are in no way coincident 
The fibrinogen loss is especially marked with the intravenous use of thrombo- 
plastic substance but a sufhieient quantity remains in the plasma to effect fibrin 
formation and clotting, were it not for change in prothrombin. 

The role of clot formation in the changes of the blood pressure and red cell vol 
ume after intravenous Injection of thromboplastic substance is readily demon- 
strated by preliminary heparinization or by reinjection when the clotting time is 
still greatly lengthened. Examples follow: 

Dog 3 received 8 ampules (400 mgm. of the sodium salt of heparin) of Liquae 
min intravenously over a period of 12 minutes. Eight minutes later it received 
2 cc. of testicle extract by the same route. The clotting time three minutes after 
heparinization was more than twenty minutes and continued unchanged at fifty 
minutes. 

The slight transient drop in blood pressure is associated with peripheral vasodi 
lator substances in the tissue extract and is not pertinent to the present study 
Likewise, there is nosignificant shift in the fluid or blood protein (table 2, figure 3). 

Careful examination of all the larger vessels grossly as well as detailed histo 
logical search failed to reveal thrombus formation in this animal or in any of the 


others of this series of eight. 
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Very similar results were secured when animals were reinjected with thrombo 
plastic substance during the period of extended coagulation time soon after 
previous utilization of such an agent. This is illustrated in the blood pressure 
curve that follows (dog 4 

It will be recalled (1) that such reinjection is unassociated with symptoms irre 
spective of speed of introduction or amount of material used and that evidence ot 
clot formation after many weeks of this treatment usually is entirely lacking. 

These experiments stress the importance of clot formation in the changes in 
blood pressure, hematocrit and plasma protein content that follow the injection 
of thromboplastic substance into the anesthetized dog. 

bh. Anesthetized animals with transection of the spinal cord. Further informa- 
tion of the mechanism involved when clot follows the intravenous injection ot 
thrombeplastic substance is available from a series of experiments involving sec- 


tion of the cervical or thoracic spinal cord. Dog 4 is representative of a group of 


Fig. 3 Fig. 4 


hig. 3. Dog 3. The effect of intravenous injection of testicle extract upon the blood 
pressure of a heparinized anesthetized dog Note the slight and transient drop in contrast 
to the non-heparinized animal 

Fig } Dog } Small doses of testicle extract injected slowly into an anesthetized dog 
cause only a slight drop in pressure but lead to a negative clotting period during which the 


injection of even large doses is not followed by the usual fallin pressure 


four animals in, which detailed analyses of the blood were made. Many others 
were included in the study of the effeet of spinal cord section on the blood 
pressure, 

As is illustrated in figure 5, the drop in pressure after the injection of thrombo 
plastic substance is not great and almost immediately begins to swing back toward 
normal. It has been pointed out that this is due to substances in the extract act- 
ing directly on the peripheral vessels. The figure shows further that there is a 
distinet tendeney to hemodilution expressed to a variable degree in different 
animals, The plasma protein content either is not or only slightly changed 
This is illustrated in table 3. 

Attention should be directed to the fibrinogen values ineluded in table 3 
They show only slight decrease even after a second large injection of thromboplas- 
tic substance, a fact which contrasts with the effect of such injection in an animal 
with intaet spinal cord. This is the more noteworthy as there was less change 


in the prothrombin time. 


These experiments indicate that the central nervous system mediates the blood 
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pressure fall and also the changes in red cell volume and plasma protein that fol- 
lows clot formation after the intravenous injection of thromboplastic substance 
into the anesthetized dog. Even when such clot is demonstrated in large amount 


Fig. 5 Fig. 6 


Fig. 5. Dog 5. Intravenous injection of testicle extract into an anesthetized dog 
ransection of spinal cord. Note the slight and transient arop in pressure and the lack 
significant changes in the hematocrit. 

Fig. 6. Dogs 2 and 7. Comparison of blood pressure reaction after the injection of 
testicle extract in unanesthetized and anesthetized animals. Note the short, sharp rise 
in the unanesthetized animal (no. 7) in contrast to the sharp and protracted drop in pressure 


n the anesthetized animal (no. 2) 


TABLE 38 


The effect of the intravenous injection of thromboplastic substance o iu“ st ad dog atl 


transection of the spinal cord 


Before transection of cord 
\fter transection of cord 50 
1. Injection of testicle extract 2.6 cc. 

9’ after injection of testicle extract 1S 

30’ after injection of testicle extract $7.5 
2. Injection of testicle extract 20 cc. (33' after the Ist 

30’ after 2nd injection 18.6 5.3 179 

0.179 


120’ after after 2nd injection 19.7 
Variation in per cent of the original values (corrected for the change in hematocrit 


9’ after Ist injection. —4.0* 
30’ after Ist injection ; +1.0 
30’ after 2nd injection —6.5 
120’ after 2nd injection -12.0 


* These figures represent the loss of plasma protein per unit of whole blood 


no essential changes occur in blood pressure or in the fluid or protein of the blood 
when the spinal cord has been severed. Indeed there is a tendency to hemodilu- 
tion and occasionally an actual increase in the plasma protein. 

c. Anesthetized animals with reduced tissue potassium. Alteration in electrolyte 


2404 
TESTICE 
v 
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balance through diet suggested itself as another approach to the study of the ro] 


of the neural mechanism in the hemodynamic changes that follow the injection n 
of thromboplastic substance in the anesthetized animal. The potassium-fre: lef 
diet was chosen on the basis of the well-known relation of this ion to cell-mem- res 
brane permeability and autonomic nervous activity. Dog 6 is representative o! ma 
this group. Following the injection of thromboplastie substance the same typ: le] 
and extent of vasodepression occurred as in the normal anesthetized dog 2 (se: aml 
fig. 2). On the other hand there was no hemoconcentration and no change i: ( 
plasma protein half an hour after the injection of 4 cc. of testicle extract. Asecond sul 
injection of a much larger amount of extract—20 ee.—caused a like fall in blood vel 
stil 
TABLE 4 Fo 
The effect of the intravenous injection of thromboplastic substance on the anesthetized dog u no’ 
reduced tissue potassium. Dog 6. Low potassium diet for 23 days are 
HEMATOCRIT FIBRINOGEN 
; per cent per cent per cent 
Before injection, 4 ce. testicle extract 40.0 4.47 0.514 The 
11’ after injection 42.0 $.59 0.270 
28’ after injection $1.0 4.38 0.285 
2nd injection (31’' after the Ist injection 20 ce. tes- 
ticle extract) Bef 
10’ after 2nd injection 40.4 $.04 0.049 10’ 
60’ after 2nd injection 15.6 4.42 0.236 Sec 
225’ 49.2 1.47 0.203 
285’... 13.4 1.13 0.224 13 
Variation in per cent of the original values (corrected for the change in hematocrit ae 
11’ —2.0 
98) —4.5 las 
2nd injection 
10’ after 2nd injection ' —10.0 
60’ —15.0 
995) —22.0 
—15.0 pla 
mn 
pressure which was more protracted and was associated with a slight transient - 
hemoconcentration and loss of plasma protein. This is illustrated in table 4. on 
It should be pointed out that the improvement in the animal’s condition was _ 
temporary and death occurred 5} hours after the first injection of extract. 
Many experiments with normal dogs that invariably recover after a second large th 
injection of thromboplastic substance indicate that protracted low potassium diet ch: 
renders an animal less resistant. As will be seen, none of the latter type of animal a 
survived the procedures to be described in the course of this presentation. Whilt dil 
they do not seem to be as sensitive to experimental procedures as adrenalecto- is 
mized animals, they also are not as resistant as the normal dog, in spite of the fact — 
that the hematocrit and plasma protein changes are much less marked. This is Met 


supporting evidence that these alterations in the blood are not primarily causative 
in the death of the animal. 
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The interpretation of the findings after injection of thromboplastie substance 
n the animal whose tissue potassium has been depleted is not easy. Potassium 
leficiency in itself is associated with some change in tissue and blood fluid with 
esultant influence on membrane, including capillary permeability. This well 
may be a cause for the greater stability of the capillary wall in the dog, largely 
lepleted of potassium. On the other hand, the influence on the neural mech 
anism also must be borne in mind. 

d. The unanesthetized animal. Considerable experience with thromboplastic 
substance in the unanesthetized dog, as has been said, indicated that its intra- 
venous injection was accompanied by excitement and central nervous system 
stimulation rather than the depression described for the anesthetized animals. 
For this reason more detailed studies of blood pressure and blood constituents 
now to be recorded, were made. The reactions to injection displayed by dog 7 
are characteristic for this series. Initial stimulation associated with injection of 
testicle extract is manifested by an immediate acute elevation of blood pressure 


TABLE 5 


The effect of the intravenous injection of thromboplastic substance in the unanesthetized dog 


HEMATOCRIT PLASMA PROTEIN 
per cent per cent 
Before injection of 2.5 ec. thromboplastic substance 38.2 5.49 
10’ after injection of 2.5 ec. thromboplastie substance 38.8 5.09 
Second injection of 20 cc. 
20' after Ist injection of thramboplastic substance 
;’ after 2nd injection of thromboplastic substance 38.9 5.29 
73’ after 2nd injection of thromboplastie substance 37.9 5.14 
135’ after 2nd injection of thromboplastic substance 36.4 1.83 


lasting only a minute or so and followed by a return to the pre-injection level, 
where it remained with only minor variations. This contrasts sharply with the 
reaction of the nembutalized animal, as is illustrated in figure 6. 

An oceasional unanesthetized dog reacts so violently to injection of thrombo- 
plastie substance that blood pressure readings become impossible (more than 300 
mm. Hg). A second later injection at the usual speed of a large quantity of ex 
tract (20 ec.) may be followed by a drop in pressure of 50 or more mm. Hg with a 
return in a few minutes. Clot formation occurs regularly and may involve the 
cannula to interfere with manometric recording. 

In dog 7, as has been the experience with all of the animals in this group, both 
the hematocrit and the plasma protein determinations have shown no significant 
changes. This is illustrated in table 5. 

Summary. Anesthesia with nembutal allows the full expression of vaso- 
dilatation, change in red cell volume and plasma protein content clot) forma 
tion which thromboplastic substance is capable of eliciting. Section of the spinal 
cord eliminates these reactions after clot formation while the normal dog actually 
reverses the effects with an increased blood pressure response, occasionally hemodi 
lution, and even increased plasma protein. 
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While the general trend of change in blood pressure and blood constituents is 
the same, sufficient quantitative and temporal variation occurs to allow the con- 
clusion that they are in part at least determined by independent influences. 

It should be pointed out at this time that contraction of the spleen with 
resultant pouring into the circulation of its concentrated red blood cell con 
tent may participate up to 15 per cent in increased red blood cell volume (14). 
Associated loss of plasma protein cannot be explained on this basis and requires 
further consideration. Increased permeability of the capillary wall to fluid and 
protein is the mechanism that suggests itself. That splenic contraction cannot 
be the decisive factor in the hemoconcentration recorded for the experiments in 
this series is shown by comparison of the findings after injection of thromboplas- 
tic substance in anesthetized animals with and without depletion of tissue potas 
sium. Dog 2, table 1, shows a 32 per cent hemoconcentration and 17 per cent 
loss in plasma protein during the first 30 minutes contrasting with dog 6, table 4, 
with negligible changes in these values during the same period. Depletion of 
tissue potassium as a result of restricted intake of this electrolyte definitely re- 
duces the changes in hematocrit and plasma protein content even though it does 
not exert any influence on the depressor action of the tissue extract. It should 
be noted further that animals with depleted tissue potassium are less resistant 
to experimental procedures, but this is not as marked as after adrenalectomy. 

Fibrinogen change requires special consideration when thromboplastiec sub- 
stance is used intravenously. However, its disappearance exceeds what could 
be anticipated from the size of the resultant clot. Some other physical change 
in this protein, its sticky state in particular, may be responsible in part for the 
apparent reduction. 

2. Changes in blood pressure, hematocrit and plasma protein effected by the intra- 
venous injection of histamine. A. In the anesthetized animal. Histamine was 
selected to contrast with thromboplastic substance for it acts, as is well known, 
primarily on the peripheral vascular bed with a resultant drop in the pressure of 
the blood and increased capillary permeability. On the other hand, the anesthe- 
tized animal differs markedly in its response to histamine from the unanesthe- 
tized dog and still further variation is encountered in the anesthetized animal 
with transected spinal cord, as will be shown. 

Figure 7 is characteristic of the blood pressure and hematocrit changes that 
occur after the intravenous injection of 5 mgm. of histamine in the normal anes- 
thetized (nembutal) dog 8 (0.9 mgm. per kgm.). 

It will be seen that the marked drop in blood pressure begins to be corrected 
promptly and that the hematocrite change is still outspoken after the pressure 
has approached its former height. 

In the second animal, dog 9, with approximately the same effect on the blood 
pressure, the hematocrit value rose considerably higher and this was sustained 
for a protracted period after the blood pressure had returned to normal. The 
plasma protein and fibrinogen loss, like that of the water, was extensive. This 
is illustrated in table 6. 


4 Changes of red cell volume of this magnitude cannot be ascribed to the consequences 
of splenic contraction (14). 
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B. Anesthetized animals with transection of the spinal cord. Only two animals 
were included in this group. Their reactions to the injection of histamine were 
imilar in every detail. The fall in blood pressure with its gradual but prompt 
rise towards normal corresponded to that of the normal dog. In contrast to this 
latter type of animal, the pressure change was not accompanied by a marked 
hemoconcentration; there was but a negligible loss of plasma protein and fibrino- 


Fig. 7 Fig. 8 


Fig. 7. Dog 8. Hematocrit and blood pressure changes after intravenous injection of 
histamine in a normal anesthetized animal. 

Fig. 8. Dog 10. Intravenous injection of histamin into an anesthetized dog after tran- 
section of the spinal cord. Note the absence of significant changes in hematocrit in contrast 
to dog 8 in figure 7. 


TABLE 6 


The effect of the intravenous injection of histamine on the anesthetized dog 9 


PLASMA 


HEMATOCRIT PROTEIN FIBRINOGEN 
per cent per cent per cent 

Before injection of 5 mgm. of histamine (0.4 mgm. 
per kgm.) 15.2 5.73 0.336 
10’ after injection 61.5 5.57 0.219 
60’ after injection 71.8 5.07 0.226 
120’ after injection 80.9 5.60 0.156 
180’ after injection 80.3 5.09 0.214 
270’ after injection 76.0 1.20 0.236 


Variation in per cent of the original value (corrected for the change in hematocrit 


10’ after injection —41.0 —73.0 
60’ after injection.... —72.0 —92.0 
120’ after injection —84.0 — 134.0 
180’ after injection —89.0 —114.0 
270’ after injection —97.0 —100.0 


gen. (See table 7 and fig. 8.) This, it may be recalled, is in accord with the 
results obtained with thromboplastic substance. The fall in blood pressure with 
the associated hemoconcentration and loss in plasma protein and fibrinogen mani- 
fested by the normal animal gives way to a fall only in pressure, a tendency to 
hemodilution, and occasionally actual increase in plasma protein when the spinal 
| cord is severed. 
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C. Anesthetized animals with reduced tissue potassium. Three dogs are included 
in the group subjected to a preliminary period of about 30 days on a low potas 


TABLE 7 
The effect of the intravenous injection of histamine in the anesthetized dog after transection of 
the spinal cord. Dog 10. Spinal cord cut. Nembutal anesthesia—5 mgm. histamine 


HEMATOCRIT FIBRINOGEN 

per cent per cent per cent 

3efore transection of the cord 57.7 §.51 0.306 

After transection of the cord 18.6 5.8 0.271 
10’ after injection of 5 mgm. of histamine (0.3 mgm. 

per kgm.) 52.0 5.47 0).259 

25’ after injection of 5 mgm. of histamine §1.1 5.64 0.238 

60’ after injection 50.0 5.38 0.250 

130’ after injection 18.9 5.76 0.249 

260’ after injection ae 51.8 5.34 0.298 


Variation in per cent of the original values (corrected for the change in hematocrit) 


10’ after injection +1.0 +13.0 
25’ after injection +7.0 —17.0 
60’ after injection +4.0 —10.0 
130’ after injection +13.0 —8.0 
260’ after injection +0 +4.0 


TABLE 8 
The effect of intravenous injection of histamine on the anesthetized dog with reduced tissue 
potassium. Dog 11 for 30 days 


HEMATOCRIT FIBRINOGEN 
per cent per cent per cent 
Before injection of 5 mgm. of histamine (0.4 mgm. 
per kgm.).!... 14.0 5.84 0.275 
10’ after injection 53.9 5.90 
60’ after injection 52.3 5.56 0.289 
120’ after injection 52.4 5.18 0.271 
240’ after injection 61.9 5.58 0.268 


Variation in per cent of the original values (corrected for the change in hematocrit) 


10’ — 22.0 
60’ — 23.0 
120’ — 29.0 
240' — 23.0 


sium diet. Under nembutal anesthesia they reacted similarly to the injection 
of 5 mgm. of histamine. There was a prompt and protracted fall in blood pres- 
sure with the same trend to the pre-injection level and the same recovery period 


| 
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manifested by the normal dog. The extent of the hemoconcentration, however, 
ix Well as the loss in plasma protein and fibrinogen was far less than in the normal 
inimal. This is illustrated in table 8, 

DD. Unanesthetized animals. The symptoms following injection of 5 mgm. of 
histamine in the unanesthetized dog are much Jess definite than in the animal 
under nembutal anesthesia. Indeed, 3 or 4 times the amount per kilogram sare 
required to secure any thing like the same protracted vasodepressol etlect This 
ix also true for the changes in hematocrite and plasma proteins as is illustrated 
in table 9. 


SumMarRY. Nembutal anesthesia results in greater susceptibility than the un 


TABLE 9 
The effect of intravenous injection of histamine on the unanesthetized ql 
\ 
Before injection of 20 mgm. histamine (1.3 mgm. per kgm.) 7S 5.37 
13’ after injection of histamine 5.4 5.23 
3’ after injection of histamine 12.8 5.12 
SS’ after injection of histamine 30.4 5.12 
155’ after injection of histamine 3.1 9.37 


NORMAL DOG. NORMAL DIET 

NORMAL K-~ FREE DIET 

SPINA: CORD NORMA DIET 
PLASMA PROTEIN LEVEL 


Fig. 9 Fig. 10 
Fig. 9. Average hematrocrit changes following intravenous histamin injection into 
normal dogs, spinal dogs, and dogs with reduced tissue potassium 
Fig. 10. Average plasma protein changes after intravenous histamin injections into 


normal dogs, spinal dogs, and dogs with reduced tissue potassium 


anesthetized animal displays to changes in blood pressure, fluid, and plasma pro 
tein content after intravenous injection of histamine 

After prolonged feeding with a diet low in potassium, the anesthetized dog does 
not differ from the animal on a regular diet in his blood pressure reaction to the 
injection of histamine. Hemoconcentration and loss in plasma protein howeves 
are definitely reduced. 

After section of the spinal cord the blood pressure tall and return contorm to 
the pattern in the normal animal but hemoconcentration and loss in plasma pro 
tein do not occur. The tendeney, though slight, is for hemodilution and fon 
actual increase in protein. This is illustrated in figures 9 and 10 

3. Changes in blood pressure, hematocrit and plasma protein effected by the release 


of an arterial occluding fourniquet, The unanesthetized dog Was not utilized in 
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this series of experiments and nodata areavailable for comparison with anesthe- 
tized animals included in the following presentation. 

The release of the arterial-occluding tourniquet was followed invariably by a 
gradual but continued drop in blood pressure to shock levels of 60 to 70 mm. Hg. 


o 


- SECONDS 
38 
' 


8 
Hg 


° 
BLOOD PRESSURE 


TIME 


CLOTTING 


° 


Fig. 11 Fig. 12 
Fig. 11. Dog 13 Blood pressure fall following the release of tourniquets oecluding the 
circulation of the hind legs of anesthetized dog 13 
Fig 12 Dog 14 Changes In clotting time of the blood associated with the immediate 
and transient blood pressure fall after release of hind leg tourniquets Note the shortening 


of the clotting time simultaneous with the pressure fall 


TABLE 10 
The effec tof release of tourn quets occluding the circulation of the hind leqs of the anesthet 


dog 13 IF gation tor 5A hours Death 2? hours after release 


HEMATOCRIT FIBRIN 
per cer per cen per cer 
Before release of tourniquets 12.0) 5.66 0.541 
10’. after release 19.4 5.67 0.473 
10’ after release 55.4 5.83 0.572 
60’ after release 55.0 5.50 0.483 
90’ after release 54.0 5.06 0.600 
120’ after release 55.0 1.97 0.621 


Variation in per cent of the original values corrected for the change in hematocrit 


10’ after release of tourniquets 17.0 29.0 
10’ after release of tourniquets — 26.0 - 25.0 
60’ after release of tourniquets -39.0 41.0 
120’ after release of tourniquets 13.0 -16.0 


As a rule it continued for a period at this height but gradually decreased later in 
the experiment. 

a. Anesthetized animals. Of the large group subjected to this procedure dog 
13 is typical. 

The blood pressure tracing (fig. 11) shows the downward trend after release of 
the tourniquet until it indicated only 30 mm. Hg shortly before the death of the 
animal after 115 minutes. The short, sharp fall followed by temporary rise in 
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pressure immediately after the re-establishment of the circulation requires com 
ment. It was not a constant finding and both the fall and rise were variable in 
amount. A more extensive change of this type occurred in dog 14 and in this 
experiment as in several others the blood coagulation was studied. The figures 
are of interest and are placed in relation to the blood pressure curve as closely as 
could be ascertained. This is illustrated in figure 12. 

Careful search for intravascular clots after the death of the animal was only 
rarely positive and the coagula were never large. Still it seems possible that the 
release of the circulation, which was associated with a shortened coagulation time, 


did cause small clots occasionally and that this is one of the causes forthe primary 


drop in blood pressure. Further support for this viewpoint is forthcoming from 
the fact that this early immediate change in blood pressure does not occur in a 
heparinized animal. Other observers have noted clotting in the tip of the can- 


TABLE 11 
T he effect of release of tournique ts occl iding the circulation of the hind leg 


the spinal cord in the anesthetized dog 15 


HEMATOCRIT 


Before ligation 

Before transection of the cord 
Jefore release of tourniquets 
after release 


after release 


Variation in per cent of the original values corrected for 


sefore release of tourniquets 


after release 


nula immediately after the re-establishment of circulation in similar circum- 
stances. The outcome of the experiment, however, is not influenced by absence 
of this primary change in coagulation time and small clot formation 

To continue with dog 13 (fig. 11), analysis of table 10 shows that hemoconcen 
tration reached its height at the end of 40 minutes when the blood pressure was 
116mm. Hg. The plasma protein continued to drop until the death of the ani 
mal and the fibrinogen which had decreased maximally during the first hour again 
rose and almost reached the starting value before the experiment terminated. 

b. Anesthetized animals with transection of the spinal cord. Dog 15 is selected 
from a group of seven animals whose spinal cords were cut at the level of the 2nd 
thoracic vertebra 4 to 5 hours after the circulation of the legs had been shut oft 
and just before the occluding tourniquet was removed. Aside from the fact that 
the blood pressure usually was slightly reduced even before the circulation of the 
legs was re-established, it then fell gradually as in the other two groups of this 
series. The hematocrit on the other hand remained remarkably constant. The 
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plasma protein occasionally showed a tendency to reverse the picture of the 
normal dog in the same circumstances. 
c. Anesthetized animals with reduced tissue potassium. The blood pressure 


TABLE 12 
The effect of release of tourniquets occluding the circulation of the hind legs of the anesthetized 
dog 16 with reduced tissue potassium 


HEMATOCRIT PLASMA PROTEIN 
per cent per cent 
Before applying tourniquets 17.4 5.49 
Before release 51.0 §.25 
10’ after release 58.0 5.25 
30’ after release 58.0 5.28 
70’ after release 58.0 $.99 
140’ after release 66 .0* §.51* 


Variation in per cent of the original values corrected for the change in hematocrit 


Before release of tourniquet —14.0 
10’ after release —14.0 
30’ after release —13.0 
70’ after release —19.0 
140’ after release —24.5* 


* Agonal. 


TABLE 13 
The effects produced before release of tourniquets occluding the circulation of the hind legs of the 
anesthetized dog 


HEMATOCRIT PLASMA PROTEIN 
DOG NO. 
Value Change Value Change 
per cent per cent per cent per cent 
17 Normal t.0 —6.9 
17.3 
1.4 1.98 
15—Normal...... ( +7.8 iz > —24.0 
13.5 4.17 
16—Reduced tissue potassium +7.0 —11.4 
50.8 3.29 
6.50 
1S—Reduced tissue potassium +3.5 —26 
51.0 


curve requires no comment inasmuch as it conforms generally to that of the 
normal dog. The hematocrit, plasma protein and fibrinogen changes from the 
time of release of the circulation of the leg are all slight except for the agonal 
figures which must be discounted. This is illustrated in table 12 compiled for 
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dog 16, an example of a group of nine animals subjected to this particular pro- 
cedure. 

It will be noted from tables 11 and 12 that there is a distinet change in the 
hematocrit between the period of application of the tourniquet to the leg and its 
release. With only one exception out of eight animals, hemoconcentration oc- 


curred. This varied from an increase of 3.5 per cent to 7.8 percent. The plasma 


protein loss in the same period was even more marked from 6 per cent to 26 per 
cent. 

These changes in hematocrit and plasma protein are particularly noteworthy 
as they occurred during the period when the blood pressure was stable and when 
absorption from the legs with occluded circulation must have been minimal. 

Summary. The blood pressure curves in the three groups of animals are quite 
comparable. After four to five hours the tight tourniquet itself causes some 
hemoconcentration and loss in plasma protein. Transection of the spinal cord 
tends to lower the blood pressure slightly and to decrease the survival period. 
Especially conspicuous is the reduction of hemoconcentration and loss of plasma 
protein in animals preliminarily fed on a low potassium diet and the tendency to 
hemodilution and even absolute increase in plasma protein when the spinal cord 
has been severed. 

Discussion. Anesthesia, spinal cord section and depletion of tissue potassium 
have all been shown to have similar alterative effects upon the well known 
changes in blood pressure, red cell volume and plasma protein induced by intra- 
venous injection of thromboplastic substance or histamine as well as by the re- 
lease of an arterial occluding tourniquet on the hind legs. That the central 
nervous system is implicated in the controlling mechanism is strongly suggestive. 
Further analysis follows: 

In the unanesthetized dog the clot resulting from injection of thromboplastic 
substance causes only a short, sharp rise in blood pressure; under nembutal anes- 
thesia an acute protracted drop in pressure occurs. Since the stimulating agent 
is the same and the only difference is the block created by the anesthetic, it may 
be assumed that the vasopressor as well as the vasodepressor centers are activated 
simultaneously in the unanesthetized animal. As the vasopressor influences are 
recognized to be stronger, the drop in pressure is not manifest. Under nembutal, 
interference with central regulation of the vasopressor system occurs and de- 
pressor changes prevail as a result of the removal of this balancing agency. The 
pathway through which the depressor effects are transmitted are not established 
further than that they are contained in the spinal cord. As a consequence when 
the cord is transected the depressor reactions are greatly reduced and changes in 
blood pressure do not occur. 

If it can be assumed that elimination of the pressor effect is an expression of 
lack of sympathetic control then depressor dominance may be considered as an 
expression of parasympathetic overbalance. In this association it should be re 
called that nembutal is one of the few barbiturates said not to involve the 
parasympathetie (15). 

When such dominance of the parasympathetic system exists it is expressed 
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primarily by a fall in blood pressure. Hemoconcentration and loss of plasma 
protein also occur, and these, too, may be considered as expressions of parasym- 
pathetic over function. This is supported by the observation that when the 
parasympathetic influence is minimized by section of the spinal cord, all of these 
manifestations disappear including fall in pressure, loss of fluid and protein from 
the blood. 

It may be argued that in all of these experiments involving thromboplastic 
substance in the variously prepared animals, the changes in blood pressure and 
capillary permeability for fluid and protein have the same general trend. Even 
with this agent, however, their extent, duration and recovery arein no way coin- 
cident. When the series of experiments with histamine or with release of an ar- 
terial occluding tourniquet is considered, it becomes quite evident that the fall 
in pressure and the permeability of the capillary wall are not necessarily expres- 
sions of a single influence. For example, with histamine vasodepression is 
equally marked in the anesthetized dog with intact or with transected spinal cord. 
In the former there is marked hemoconcentration and loss in plasma protein; in 
the latter there is actually hemodilution and occasionally even increase in plasma 
protein. Other equally outstanding differences between blood pressure depres- 
sion and capillary permeability may be cited as, for example, the release of an 
arterial occluding tourniquet in the dog with intact or transected cord, ete. 

These facts necessitate the conclusion that if anoxia of the capillary wall follows 
sustained vasodepression, it cannot be the dominant or exclusive cause of in- 
creased capillary permeability. As pointed out by previous investigators (16, 
17), it would be difficult to exclude the nervous system as a controlling influence 
for permeability of the capillary wall; further, it would seem that as long as the 
sympathetic system is functionally adequate, hemoconcentration or loss in 
plasma protein would not occur. As soon as this system becomes impaired, 
whether through anesthesia or other influence, and dominance of the parasvmpa- 
thetic becomes possible, there follows increased permeation of fluid and protein 
through the capillary walls. Hemoconcentration therefore may be related to 
impaired sympathetic control without diminished parasympathetic action. 

This seems to be a definite neural controlling mechanism. That a humoral 
factor may exert an influence also must be considered. The evidence that anoxia 
plays a role cannot be disregarded, even though, as stated above, it may only be 
of relative significance in the local effect on the capillary wall. Much attention 
has been directed to changes in the adrenal cortex associated with inadequate 
oxygen supply, whether this results from high altitude, insufficient pulmonary 
aeration, or reduced blood flow in the gland. Under-function of the adrenal cor- 
tex, accompanying inadequate oxygen supply, is well known to be associated 
with mobilization of tissue potassium. When it is recalled that this electrolyte 


is regarded as one of the mediators of the parasympathetic system, it is not as- 
tonishing that hemoconcentration follows under-functioning of the cortex of this 
gland. In support of this view is the fact that loss of fluid and of protein from 
the blood through the capillary wall is greatly reduced if the tissue potassium of 
the experimental animal has been depleted by dietary control with decrease of 
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potassium available for mobilization. Evidence in support of this statement is 
included in the foregoing presentation. 

Briefly stated, it is suggested that any influence, and there are many, that 
illows the parasympathetic nervous system to dominate results in low blood pres 
sure and increased permeation of fluid and protein through the capillary wall. 
Such influences include exhaustion or interruption of the balancing power of the 
sympathetic nervous system and direct stimulation of the parasympathetic svs 
tem. The latter may result from central or peripheral influences and among 
these potassium must be included. Its mobilization through impaired adrenal 
cortical function is recognized and such impaired adrenal cortical function is now 
known to be associated with inadequate oxygen supply to the gland. 


SUMMARY 


Studies on mechanism are presented associated with fall in blood pressure, 
relative red cell volume and plasma protein content following intravenous injec- 
tion of thromboplastic substance, histamine, and release of an arterial occluding 
tourniquet on the hind legs of dogs. 

The conditions of the experiments in each of these three groups have been 
varied to include the influence of anesthesia, section of the spinal cord, and deple- 
tion of tissue potassium. 

Clot formation, after intravenous injection of thromboplastie substance, is 
associated with a short, sharp rise in blood pressure without significant variation 
in red cell volume or plasma protein in the unanesthetized animal. With anes- 
thesia there is a marked and sustained fall in blood pressure, an increase in red 
cell volume, and a loss of plasma protein. None of these manifestations occur 
in the absence of clot formation as is demonstrable by preliminary heparinization. 
They are eliminated also when clot follows the use of thromboplastic substance 
if the spinal cord has been sectioned. 

Anesthesia reduces greatly the amount of histamine essential to produce the 
equivalent fall in blood pressure, increase in red cell volume, and loss of plasma 
protein required for the unanesthetized animal. Section of the spinal cord does 
not modify the vasodepressor effect; it does, however, eliminate the rise in red 
cell volume, and the loss in plasma protein. 

The gradual fall in blood pressure that follows release of the arterial occluding 
tourniquet is not influenced by section of the spinal cord. On the other hand, 
the increase in red cell volume and loss in plasma protein is eliminated by this 
procedure. 

Preliminary depletion of tissue potassium in all three groups is without influ- 
ence on the blood pressure changes; it does reduce the rise in red cell volume and 
the loss of plasma protein. 

The réle of the autonomic nervous system and the part played by electrolytes 
in mediating its relation to the changes in red cell volume and plasma protein is 
discussed. 
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During the past several decades it has been strongly suspected that a hormonal 
factor or factors actually precipitates the maternal response. Stone (23) pio- 
neered in an attempt to resolve the problem by breeding one of two rats in para 


biosis; the results, however, were inconclusive. Ceni (2, 3, 4) brought this 
early epoch to an end by showing that the sex hormones (androgens, estrogens 


are not the causative factor and that they actually tend to inhibit or suppress 


maternal care in dogs. Ceni also initiated broodiness in poultry by prolonged 
injections of massive doses of combined extracts or dried tissue from thyroids, 
adrenals, hypophyses and parathyroids. With a mixed pituitary extract, in 
which gonadotropin was considered the effective factor, Ehrhardt (6) reported a 
single case of what seemed to be maternal behavior in an adult nonparous mon- 
key. Wiesner and Sheard (24) then showed that crude extracts of the hypoph- 
ysis alone—all containing mixtures of the various pituitary hormones——-were 
somewhat effective in initiating maternal behavior in virgin female rats. These 
authors thought the effective hormone was not prolactin, stating that “it seems 
exceedingly unlikely that the same factor is responsible for mammary secretion 
and maternal behavior.” 

After learning that broodiness in fowl seems to be induced only or chiefly by 
prolactin (19) the present study (preliminary reports, 20-22) was undertaken 
with the sole purpose of identifying the specific hormone or hormones (and 
somatic state) which, in codperation with parts of the nervous system, condi- 
tions or determines the exhibition of parental or maternal care in the rat. 

Metruops. The method used for testing for maternal behavior was a marked 
modification of that adopted by Wiesner and Sheard (24). The usual pro- 
cedure was to start with intact rats aged 60 to 70 days and test their behavior 
daily for a preliminary period of 10 days. All rats used were from litters in 
which the sexes were separated at age 30 days, and presumably no rat had pre 
vious retrieving experience; the only possibility for such experience is that. it 
retrieved a litter mate. Each rat was placed and remained in an individual cage 
(39 x 39 x 22 em.) provided with nesting material (wood shavings), food and water. 
The rear of all cages (in racks) was against the wall of a moderately lighted 
room; all sides and the top of cages were of open-mesh wire (metal floor) which 
permitted good observation of the cage’s contents. Operated animals were al 
lowed 2-5 days for recovery before beginning their tests. 

In making the test a small metal trap-door (upper-front of cage) was opened 
(some noise) after first removing the flat-type water bottle (so arranged as to 
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fasten the door) and a young rat 1 to 5 days old dropped or placed in the front 
part of the cage. Thereafter, during a period of 10 minutes the activities of thi 
subject were observed and the items considered significant were recorded ; four o1 
five subjects were thus observed simultaneously. An effort was made to have the 
rat pups warm and active at the beginning of the tests, but it was not possible to 
attain more than moderate uniformity in this item. Though the rat usually 
found the proffered pup at once it was sometimes necessary to attract or even to 
lift the rat (subject) to the front of the cage where the observer could make sur 
that the subject became aware of the presence of the young. Nearly all tests 
were made during daylight hours but a tew were made at night. All tests except 
those originally reported (20) were made in a room which was adequately heated 
in winter. Practically all of the behavior records were made by two of the 
authors. In several of the earlier tests the two recorders observed the same rats 
at the same time. 

Observations made and recorded covered the following items: whether and at 
which moments the subject ‘“tnosed”’ the young, consumed food, licked and 
handled the voung, bit the voung, returned to the nest alone, cuddled the young 
where it lay, retrieved the young only or both retrieved and cared for the young 
in the nest, repaired the nest with or without the voung being in it, or piled nest 
material over the young wherever it happened to lie. In the present summariza- 
tion of results, however, other items are disregarded and only those subjects that 
retrieved yvoung and cared for them in the nest on three or more successive days 
are recorded as having exhibited full parental behavior. In relatively few cases 
was this behavior observed on one or two days with failure on a third day. Rats 
which retrieved regularly, but rarely or never cuddled the retrieved voung, were 
credited with one-half the tull parental response. 

All animals were tested with rat pups as deseribed above for a period of at 
least 10 successive days prior to their acceptance for tests under injection. Only 
in the first series of tests (20) were any of the rats given any sort of “priming In 
jection’; likewise the practice of “‘concaveation” (leaving the voung overnight 
or longer with the test animal), largely used by Wiesner and Sheard (24), was 
abandoned as an undesirable complication. Indeed, in any thermophilic animal 
(e.g., the mice of Leblond, 12), and particularly in any rodent whose heat produc 
tion has been decreased by hypophysectomy or thyroidectomy, this emphatic use 
of visual and contact stimuli seems capable (through other ‘satisfactions’’) ot 
rendering it impossible to study the rdle of hormones in maternal behavior. 
Some rats of all categories studied by us were found to exhibit either a partial or 
a “full” maternal response (‘normal reactors’) during the 10 days of pre- 
liminary testing. These ‘normal reactors” were eliminated from all subsequent 
tests except those in which a stoppage of the parental response was the goal of the 
test; and for the latter purpose only rats (normal reactors or those made maternal 
by hormones) giving the full response were accepted. 

All subjects which remained distinctly negative throughout their 10-day pre- 
liminary test were injected daily during the next 10 days with one or another 
hormone and the tests and lobservations continued precisely as before. Animals 
which did not become maternal (i.e., did not give ‘full’ positive responses on 


thi 

la 

tra 

Va 

te] 

V1 

ta 

Ca 

In 

st 

cle 

SI 

tl 

al 

n 

h: 

Ol 

t] 

t] 

il 

n 

| | 

( 

( 

t 


HORMONES IN THE INITIATION OF MATERNAL BEHAVIOR 301 


three successive days) before the end of the series of 10 injections were tested 
daily thereafter and responses occurring within the following 3 days were arbi 
trarily considered as due to the substance administered. Indeed daily testing 
was continued on all animals which remained negative, and after a suitable in 
terval (10-15 days) they were given a second, or even a third, series of injections 
with another substance or hormone. The daily injection was given subecu 
taneously and usually followed the period of test and observation by a few hours. 

Four further items concerning the response are notable. a. The licking of 
pups—particularly their genitals—as soon as the pup was found, and before 
carrving it to the nest, seemed to be done more assiduously by rats at or near the 
initiation of their maternal response; a few days later the proffered pups were 
more likely to be carried directly to the nest where licking occurred at intervals 
). Many or most rats that became maternal thereupon assumed a more ag 
cressive attitude to the hand of the observer when the retrieved young was re 
moved from the nest. This frequently fierce defense was usually in striking 
contrast to the reaction which the same rat had shown while in the non-maternal 
state. c. Many tests made on maternal rats showed that they would not re 
trieve small, smooth (clean) corks or a wood-shaving dropped through their cage 
door as were the proffered pups. d. The degree of attentiveness to young by 
subject rats made maternal in these tests was usually less than that shown by 
the normal parturient rat. Occasional rats, despite having undergone pregnancy 
and given birth to a litter, are not maternal at all; in comparison with such 
mothers our positively responding rats show a wholly different category of be 
havior. Nest -building also was notably less adequate in our responding and in 
our “normal reactor” rats than is usual in parturient rats; special tests indicated 
that this was not wholly due to the short time the pup was left with the subject, 
since three or more pups left overnight were usually not provided with really 
good nests. Possibly, however, these latter tests were not suitably timed with 
the onset of the drive. Nevertheless the hormones which gave positive responses 
in the present series of virgin or other rats effected a radical change in the un 
learned behavior of rats of various sex types. Our all-important criteria of 
response therefore, though by no means ideal for quantitative study, represent 
something definable and real. 

MarerrAts. The rats used were of Wistar strain. Only virgin females, and 
males not used as parents, were included in these tests. The rats were fed dog 
chow and a small amount of cracked corn and hemp once daily; lettuee or cab 
bage was fed once weekly. 

A short characterization of the hormones and extracts used, together with the 
daily dose of each, follows: 


1. Whole anterior pituitary of beef extracted at pH 9-10, 10 (or 5) mgm 

2. Growth preparations (Antuitrin G; Collip; Ayerst, McKenna and Harrison; evans), 
0.2, 0.1 or 0.05 ec. (2 to 6 mgm.). 

3. Prolactin, 30 Riddle-Bates units (40 international units: 3-5 mgm.); also 2 smaller 
dosages (6 R-B u.; 12-24 R-B u.) to control “prolactin content’? of some preparations of 
types 1 and 2 above, and to show effect of dose level 

4. Intermedin (from I. G. Farbenindustrie Gesellsch.), 100 Phoxinus units 


302 O. RIDDLE, E. L. LAHR AND R. W. BATES 


5. LH (Luteinizing, from Doctors Fevold and Hisaw), 2-4 r.u. (57 tests) or 20 r.u 
(9 tests). 

6. FSH+ thyrotropin, 4 (or 2) mgm. To stop maternal response, 10 (or 20) mgm. 

7. Thyrotropin (+FSH) (From I. G. Farben.), 9 guinea pig units. 

8. Adrenotropin, 5 (4 or 2) mgm. (contaminated; see below). 

9. Serum of pregnant mare, 0.2 ec. (1.25 x minimum ovulation dose in rabbit). 

10. Prolan (Elberfeld, Germany), 15-30 m.u. (or 100 m.u.). 

11. Desoxycorticosterone acetate, 0.2 mgm. in sesame oil; or implant of an 8-11 mgm. 
pellet (only partly absorbed). 

12. Progesterone, 0.2 or 0.1 mgm. 13. Testosterone, 0.5 mgm. 

14. Estrone, 5 or 50 r.u.; Progynon B, 5-250 r.u. (in 20-day tests, 50-250 r.u.; or pellets in 
5 females). ‘To stop response, 5, 50 or 100 r.u. 

15. Cortin (Xendall; Wilson Laboratories), 0.4 ec. (in two doses). 

16. Phenol, 0.3 to 0.6 ec. of 0.5 per cent solution. 

17. Parathyroid extract (Lilly),! 30 units. 18. Thyroxine, 20-50 gamma. 

19. Extract (at pH 8.0-9.0) of 20-30 mgm. of desiccated thyroid. 


The injection of these preparations only rarely produced abscesses or notable 
skin reactions. The volume of oil used to dissolve most steroids was kept be- 
tween 0.05 to 0.2 ee. per injection since the oil formed subdermal pockets and was 
slowly absorbed. ‘Thyroxine injections resulted in loss of body weight. Phenol 
and certain FSH-+ solutions caused a slight transient local irritation but no ob- 
vious change in body weight. 

Preparations of types 1 and 2 above affected parental behavior quite similarly ; 
they were also alike in that our assays of them showed them to contain several 
pituitary hormones (type 1 preparations also contained some posterior lobe 
hormone). The results obtained with the two types are therefore summarized 
together (fig. 1, table 2). The tests made with two lower dose levels of prolactin 
were designed in part to indicate the extent to which the prolactin content of the 
unfractionated pituitary extract (whole A.P.) and “growth” preparations may be 
expected to affect parental behavior. Any clearly demonstrated ability ot 
preparations of types 1 and 2 to make rats ‘‘maternal”’ was limited to the normal 
females and to the higher dosage; and in this case our analysis of the data shows 
that an undue proportion of normal females were given the highest dosage. 

All of the eight different preparations of prolactin used were practically free 
from FSH and LH as indicated by the following test: the intravenous injection 
of 50 mgm. of the preparation would not induce ovulation in a 4-month New Zea- 
land rabbit. Three of these preparations had, and the others had not, consider- 
able ability to enlarge the adrenals of 21-day rats (2-day chicks also used with 
later preparations) but all these fractions were very similar in their influence on 
maternal behavior. About four-fifths of the tests were made with no preserva- 
tive in the prolactin solution; in the remainder 1.0 per cent butyl alcohol was 
used. No difference in the results was detected. Solutions (pH 8.0) were made 
up each 4-5 days and kept in the ice-box. In most of our tests the (salt-free) 


1 To all of the above mentioned firms and individuals, also to Dr. Erwin Schwenk, Scher- 
ing Corporation (for desoxycorticosterone, progesterone, testosterone, estrone and Progy- 
non B), and to Dr. Oliver Kamm, Parke, Davis and Co. (for Antuitrin G and mare serum), 
we express our appreciation for materials contributed to this investigation. 
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volactin used was heated to 60° C. for 5 hours (or 99° for 1 hr.) at pH 8.0 
procedure which reduced or excluded the possibility that certain pituitary con- 
taminants, and likewise any included enzymes, were responsible for the efiect 
ere ascribed to prolactin. None of the other pituitary derivatives used by us 
vas subjected to heat. 

The intermedin used was practically free of actions identifiable with other 
interior lobe hormones and with pitocin. The LH used was only partially as 
saved by us; the preparations were not pure LH, but their prolactin content was 
ow. The three preparations of adrenotropin used contained from 0.1 to 1.0 
unit of prolactin per mgm.; their content of FSH and thyrotropin was moderat: 
or low; they all had some ability to enlarge seminal vesicles and uteri of 21 
day rats. 

Preparations of types 6 and 7 were shown by our assays to be essentially similar 
in that they were quite potent in both FSH and thyrotropin and usually con 
tained smaller amounts of LH, adrenotropin, and posterior lobe hormone. Out 
own preparations (type 6) contained no more than 0.01 unit of prolactin per 
milligram, though the donated preparation (type 7) had 0.1 unit per mil 
The Prolan (1.G., Elberfeld) most used was assayed at the source at 
per milligram. 

Only 5 hypophysectomized, 3 thyroidectomized and a few castrated rats were 
tested and found non-maternal previous to operation. Other rats were not 
tested before operation. The number of hypophysectomized animals available 
for tests of effects of the various hormones was restricted by the high percentage 
of such animals which became maternal following the operation. 

Resutts. A summary of 2,883 tests made on various types of rats is given in 


a form suitable for rapid survey and comparison in figure 1. A few additional 


tests are described in the text. The columns of the graph show only the per 
centage of positive responses obtained. Since unequal numbers of rats were in 
jected with the different hormones, and since unequal numbers of the different 
sexual types were injected with the same hormone, it is useful to present addi 
tional data in tabular form. 

Tests for normal reactors (control). Some rats of all sex types gave positive 
maternal responses in the preliminary tests (‘normal reactors’’) without any 
injection of hormone (table 1). In 1045 of the usual 10-day tests it is rather 
surprising to find that the percentage of such normal reactors is practically equal 
in males and females. Castration seems to increase slightly the percentage of 
normal reactors among both males and females. That is indeed the expected 
result if decrease or suppression of gonad activity is a part of the mechanism by 
which the maternal response is established. 

The results of 110 tests which were continued for an additional 10-30 day: 
indicate that most but not all of the normal reactors were eliminated in the 10 
day preliminary tests. These tests therefore show that some rats injected trom 
days 10 to 20 may be expected to become maternal (reactors) quite apart from an 
influence of the substance injected. We have calculated this number as ap 
proximately 15 per cent, and usually only values above 25 per cent may be con 
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sidered of significance in relation to the substance injected. About 4 to 5 pe: 
cent of all sex types became maternal so long after (4-10 days) a series of injec- 
tions that the response could not be attributed to excess of the hormone ad 
ministered. 

Since about four-fifths (see above) of hypophysectomized and thyroidecto 
mized rats were not tested prior to operation, and nearly 25 per cent would thus 
have proved to be normal reactors, it is clear that the ‘“‘control” data (fig. 1; 
table 1) suggest an effect of the operation itself which is about 20 per cent greater 
than is actually the case. 

A further effect of castration is reflected in the fact that almost all substances 
which clearly evoked maternal behavior did this more frequently in castrate than 
in normal rats of the corresponding sex (fig. 1; table 2). In this list of substances 


TABLE 1 
Percentage of maternal (parental) responses in control normal rats, and in rats castrated, 
hypophysectomized or thyroidectomized (uninjected) 


| | PERCENTAGE RESPONDING (NORMAL REACTORS) 
> Spayed Castrate 
Females females Males males 
Usual 10 days...... } 1045 | 22.6 25.7 21.5 24.6 
Hypct. 10 days ; | 20 68.8* 75.0* 
Thydet. 10 days 25 0.0t 45.4* 
Extended tests—20-40 days**.. 119 26.5 10.0 15.1 23.0 
Non-specific responsesf.. 859 5.5 | 4.0 5.1 | 3.8 


* Approximately 20 per cent too high because all ‘‘normal reactors’’ were not eliminated 
before operation. 

ft Only 3 tests. 

** Non-reactors during 10 days but further tested during 10-30 days. 

t Positive responses at 4 to 10 days following a last injection but apparently not induced 
by the treatment. 


are: prolactin (30 units), progesterone (in males only), testosterone, desoxy- 
corticosterone, intermedin, LH, phenol, thyroxine and adrenotropin. The 
only noteworthy exception is whole A.P. extract (for female only) where a dis- 
proportionately large number of normal females received the highest dosage. 
The females of the ‘20-day estrone’? group would appear also to be an excep- 
tion, but in these rats the maternal response began only 3 to 11 days after the 
last injection of estrone; these responses are therefore better credited to with- 
drawal, or decrease, of estrone than to its administration. 

In general, the positive effect observed in some females (see above) given un- 
fractionated and “growth” preparations could be expected to result from the 
amount of prolactin which we found to be present in these preparations; but, the 
absence of effect in normal males, and perhaps in castrates, is of interest in 


indicating that so-called “growth” preparations (2-6 mgm. daily) do not 
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, PERCENTAGE RESPONDING 


10-DAY 20-40par 6/0 INJ. PELLET 
CONTROLS (1209) PROLACTIN (384) ERONE(99) ERONE(70) DESOXYCORTI- 
COSTERONE(86) 


INTER- LH(66) PHENOL A.REXT. !0-DAY 20-DAY THYRO- ADREN- CORT- PROLAN THYROID 
MEDIN(7!) (69) (117) ESTRONE(68) OTROP. IN (59) EXTR«43) 
80 


@ 


FOR TERMINATING 
THE RESPONSE 


(iO-DAY TESTS) 


TERMINATED 


PARATHYR. FSH.4 MARE PREG.MARE FSH+ eESTRONE PROLAN TesrTosT- 
EXTR(45) (49) SERUM(58) (36) (56) (52) enone 
(22 


Fig. 1. Graphie illustration of the action of various hormones in exciting or terminati 
unlearned maternal behavior in rats of various sex types. Conventional signs ust 


female and male castrates; H = hypophysectomized; Th thvroidectomized; O 


effeet. Numbers in parentheses or in vertical columns indicate the number of rat 
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activate maternal behavior. These data (table 2; fig. 1), however, possib! 

merit further examination. Such unfractionated extracts would seem least Pere 
likely —as a direct result of the hormones introduced by injection—to stimulat: 

an increased production of any particular hormone by the rat’s own pituitary 

It is evident (fig. 1) that increasing the dosage of prolactin from 6 to 30 unit 

daily increased the maternal response in all of the four sex types. At the highe: 

level of dosage, where most tests were made, the results suggest (fig. 1; table 2 

that normal males were more resistant than the other three sex types to this ac 

tion of prolactin. Other data show that those several hormones and substances Wh 
Which arouse parental behavior in significant degree likewise fail more often with 


normal males than with the other three sex types. In this list, besides prolactin, ne 
we find: progesterone, testosterone, desoxycorticosterone (pellet, not injection), Pre 
intermedin, LH, phenol and whole A.P. extract. Thyroxine is a partial excep 
tion. Again, the two agents having highest ability to terminate existing parental! Int 
behavior, namely, pregnant mare serum and FSH+ thyrotropin, are perhaps LE 
more effective for that purpose in normal males than in the other sex types. — In LE 
ceidentally, this lower response of normal males under several wholly dissimilar 
treatments—and an analogous differential response of castrates of both sexes Ad 
noted carlier—suggest that our tests have been sufficiently numerous and ac- , 
curate to indicate actual relationship between the response obtained and the re 
substance administered. Pr 
The quantitative response to intermedin was definitely below that to prolactin. 
The four sex types, however, responded curiously alike relative to each other in M: 
the two series of tests (fig. 1). The ability of luteinizing hormone (LH) to evoke M 
the maternal response was approximately equal to that of intermedin. Adreno- 
tropin apparently had some ability to evoke the parental response in castrates ot 
both sexes. It had only slight if any potency in normal females and failed com- D 
pletely in LL tests with normal males. Contaminating substances may have in- D 
fluenced these results. P 
FSH+ thyrotropin showed little if any ability to initiate the maternal P 
response. It was fairly effective in terminating the response in all groups with P 
the probable exception of castrate females (fig. 1; table 3). Prolan is probably 
without effect in evoking the parental response; only 11.9 per cent of positive : 
responses were obtained in a total of 59 tests; its ineffectiveness in normal females E 
is Clear and definite. It terminated the response in some normal rats but not in Ee 
castrates. Pregnant mare serum was wholly without ability to evoke the 
parental response in the three sex types tested (table 2). It terminated the ( 
response in about 85 per cent of normal animals and in 3 of 4 tests on thy- 
roidectomized males, but showed little activity in castrates and failed in all of 4 
tests on hypophysectomized females (table 3). t 
Tests with steroid hormones. Desoxycorticosterone acetate has marked ability 
to evoke parental behavior in all sex types. Its potency, when injected, was i 


about equal to that of intermedin; its potency in the form of implanted pellets, as 
indicated by a much smaller number of tests, rivalled or exceeded that of pro- 
lactin (30 units). In this connection one may recall facts which indicate sex 
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TABLE 2 
Percentage of maternal re sponses induced by various hormones, extracts and substance 
several types of rats 
FEMALES 
HORMONE OR PREPARATION 


Number umber umb 
Per cent nt Per 


of tests I test i te 
Anterior pituitary hormones (and pituitarv-like) 
Whole ant. pituitary* 
Prolactin (30 u.) 
Prolactin (in hypet.) 
Prolactin (in thydet.) 


Intermedin 


LH (luteinizing) 
LH (in thydet.) 


\drenotropin 
FSH+ thyrotropin 
Prolan (Elberfeld) 


Mare serum 0 
Mare serum (in hypet. 0.0 


Steroid hormones (from gonad and adr 


Desoxycorticosterone ac... 
Desoxycorticosterone Pellet) 


Progesterone. 
Progesterone (in hypct.) 
Progesterone (in thydet.) 


Testosterone 


Estrone (10-day tests) 
Estrone (20-day tests) 


Cortin 


Other hormones and substances 


Thyroxine... 30 15 


Extr. desic. thyroid re | 20 | 15 S 
Parathyroid extract 6.6) 11 


* Including ‘‘growth’”’ preparations. 
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ent N reer Per cent 
11.6 2) 7.0 
57.3 236 0) 
50.0 
33.0 
Fe 25 60.0 18 77.0 21 52.4 12 66.6 
32 59.4. 10 60.0 14 10 S00 
5 30.0 
1S 19.4 12 11.6 1] 0.0 13 26.9 
21 14.3 7 0.0 1] 18.1] 10 10.0 
31 3.2 25.0 9 22.2 1] 
) 
9 55.5 12 15 60.0 10 HO 
13 77.0 83.3 10 70.0 75.0 
30 19 605.5 59.0 2) 65.0 
100.0 
2 100.0 x 33.3 
24 62.5 13 12 t.1 21 52.4 
25 18.0 10 5.0 6 0.0 
1S aa 50.0 5 20.0 
21 14.3 15 26.6 12 53.3 
54.5 IS 25.0 IS 75.0 
53.3 19 39.5 
0.0 10 10.0 5 0.0 
10.0 7 14.3 13 15.4 
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hormone production by the adrenals and also atrophie changes in adrenals unde: 
dosage with various cortical hormones. 

Quantitatively the response to progesterone was only a little below that to 30 
units of prolactin, and higher dosage might have proved more effective. Cas- 
trates are less responsive to progesterone. Notable, but nowhere tabulated, is 
the result of treatment of three normal females with a combination of pro- 
gesterone (0.1 rabbit unit) and estrone (4 r.u.); none of the rats responded to 
this dosage. 

Testosterone has marked ability to evoke parental behavior in all sex types ex- 
cept normal males. The daily dose, 0.5 mgm., would probably produce an ab- 
rupt and relatively great increase of circulating androgen (and decrease of 
gonadotropin and estrogen ?) in the three sex types which responded, but not 


TABLE 3 
Effectiveness of vartous hormones in terminating an established maternal response in rats of 
various types 


FEMALES SPAYED FEMALES MALES CASTRATE MALES 
HORMONE USED 
Number Number Number Number 
of tests of tests |* of tests |* of tests 
Mare serum 29 §2.7 6 0.0 8 87.5 z 21.4 
Mare serum (in hypet.) 1 0.0 
Mare serum (in thydet.) } 75.0 
FSH+ thyrotropin 13 34.6 7 0.0 i) 44.4 3 | 33.3 
FSH+ (in hypcet.) 0.0 
estrone 18 36.1 18 25.0 9 11 0.0 
Prolan 26 | 23.0 7 0.0 9 | 22.2 8 0.0 
Prolan (in hypet.) 2 0.0 
Testosterone 7 0.0 7 Pe - 19 21 0 14 14.3 


much 7nerease in the non-responsive normal males; indeed, if the brusquely added 
hormone decreased the male’s own production of pituitary gonadotropin his cir- 
culating androgen may not have increased at all. This dosage, however, had 
some ability to terminate the maternal response in normal (and castrate) males 
only. 

Estrone has little ability or absolutely no ability to evoke maternal behavior 
while injections are in progress. Estrone terminated the established response in 
some of the two types of females but not in males. 

A special and untabulated study of effects of estrogens yielded significant re- 


sults. Eleven virgin female rats were treated for 20 to 26 days; 5 received es- 
trone in the form of implanted pellets for 20 days, 5 were injected daily with 
250 ru. of estrone in oil for 20 days, and | with 100 r.u. of estradiol benzoate for 
26 days. Under this treatment the mammaries developed to a degree com- 
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irable with that found in the later stages Of pregnancy; traces ol colostrum were 
resent. When 3-day old rat pups were presented to these virgins during the 
ist 3 or 4 days of dosage the pups were given no care. One to 7 days after dis 
continuance of dosage (pellet removed in 5) such young rece ived full maternal 

ire. In 9 cases the female nursed and reared 1-3 young to weaning; in 2 cases 
the young were temporarily fed or cared for but not reared. The expression of 
maternal care as it first appeared in these estrogen-treated rats was apparently 
identical with that which has been used as a criterion of maternal behavior 
throughout these studies. Since the first behavioral activities were quickly fol- 
lowed by suckling and rearing of young these special tests confirm and justify the 
interpretation of retrieving and euddling as expressions of ‘maternal’? be- 
havior. 

Cortin showed little or no significant ability to induce the maternal response. 
rhis may or may not be associated with low dosage or with the fact that of the 
steroids injected cortin only was not dissolved in (sesame) oil, 

Tests with other hormones and substances. Phenol induced parental behavior in 
all four sex types; perhaps it was significantly more effective in castrates. Thy- 
roxine exhibited moderate but unquestionable ability to induce the parental 
response in all sex types. Extract of desiccated thyroid tissue did not clearly 
prove effective. Parathyroid extract proved ineffective in these tests. 

Tests made on hypophysectomized and thyroidectomized rats. Our tests ade 
quately establish the fact that hypophysectomy, or events incident to it, induces 
or permits a significant percentage of male and female rats to exhibit the ma 
ternal response (table 1; fig. 1). Also, a high percentage (4 of 5 tests of rats 
failing to show this behavior following pituitary removal, and both of 2 males 
injected immediately after operation) were found to respond to administration 
of either prolactin or progesterone. A special test was made on 5 females in 
jected with mare serum immediately after pituitary removal; none of these rats 
became maternal during this 10-day period, though 3 (of 4 survivors) gave the 
maternal response at 3 to 11 days after the injections were stopped (table 2; 
fig. 1). Finally, mare serum, FSH+ thyrotropin and Prolan apparently have 
little or no ability (0 of 10 tests) to terminate the established response in hy 
pophysectomized males and females; vet those three agents were potent when 
tested on unoperated males and females (table 3). This is clear evidence that 
the pituitary, or a bodily state maintained by the pituitary, is necessary for the 
termination by hormone administration of an established maternal behavior. 
Moreover pituitary removal alone, unaccompanied by gonadal regression, does 
not precipitate maternal behavior in female refts. It now appears highly signifi 
cant that the high incidence of maternal responses in hypophysectomized rats is 
primarily associated with gonadal regression resulting from loss of support trom 
the pituitary gland. 

Tests made on thyroidectomized males show, confirming MeQueen-Williams 
(13), that the operation alone has some ability to evoke parental behavior (table 
1). It is notable, however, that male non-reactors, following the operation, 
seem to respond less well to prolactin and progesterone than do unoperated non 
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reactors of any sex type (table 2). Three tests were made for effects of this 
operation in females; none of the rats exhibited maternal behavior. However, 
when two of these females were later given progesterone both became maternal. 
Another group of five thyroidectomized females were non-reactors in their pre- 
operative 10-day test. Without a subsequent test (in 2 of 5) for the effect of the 
operation alone they were injected immediately with LH; the group showed a 
relatively low (30 per cent) response. Thus thyroidectomy was less effective in 
inducing parental behavior than was hypophysectomy (table 1), and the non- 
reacting thyroidless male (and female?) rats were also less readily transformed to 
reactors by prolactin, progesterone and LH (table 2). The response was readily 
terminated (3 of 4 tests) in thyroidless rats by pregnant mare serum although the 
latter and FSH+ were ineffective when thus used in hypophysectomized rats. 

SPECIAL DATA AND CONSIDERATIONS. Relation of hypophysectomy thy- 
rotdectomy to the maternal response. The two preceding paragraphs make it clear 
that parental behavior may be precipitated and exhibited following surgical re- 
moval of either the hypophysis or the thyroid. It should be remembered, how- 
ever, that these organs had existed and functioned in the responding rats up to the 
moment of their removal; also that the removal of either of these two organs 
brusquely sets many or most bodily processes on a new level. Castration also 
increases both the percentage of reactors (table 1) and the effectiveness of any 
hormone (fig. 1) which commonly induces parental behavior. It is probable that 
all of these operations, besides resulting in a loss of sex hormones and a change of 
hormone balance, either temporarily (anesthesia) or permanently reduce the 
rate of heat production in these rats. It is conceivable that even a temporary 
drop in the metabolic rate is favorable for the development of the parental—or 
perhaps it is more truly a feminine and ‘“‘maternal’’—response. Very important 
nevertheless is the fact that these several operations leave many or most of the 
operated rats thoroughgoing non-reactors, and for these rats something else is 
needed—and has been found—to make them ‘‘maternal.”’ In this connection 
it is notable that it has not vet been proved that the anesthesia incident to these 
operations is wholly without effect on the exhibition of parental behavior. One 
recalls Ceni’s (2) statement that housewives in rural Italy, when in need of a 
brooder for motherless chicks, simply heavily aleoholize a capon and thereafter 
successfully turn the job over to him. 

We were first to find and report (21) that hypophysectomy may precipitate 
unlearned maternal behavior (rats). Soon thereafter Leblond and Nelson (11) 
reported apparently similar observations in mice, though they failed to show that 
there were any ‘‘non-reactor’’ controls in their mouse colony. The last-named 
authors concluded that ‘ta nervous mechanism, which may be stimulated without 
hormonic influences, seems to be the essential factor of maternal instinet in mice 
and rats. It may be controlled by hormonie factors in normal animals after 


parturition.”” The immediately preceding paragraphs of the present paper 
present much evidence that the pituitary shares importantly in the initiation and 
in the termination of the maternal response. We regard the precipitation of the 
parental response by an operation involving pituitary removal as unacceptable 
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evidence that the pituitary is not causally involved in the development and ex- 
hibition of parental behavior. Hypophysectomy (even if done at birth) effects a 
functional castration of the rat but, as noted above, when the gonads are main- 
tained by injections of mare serum, hypophysectomy fails to result in maternal 
behavior. In simple hypophysectomy (and anesthesia) gonad depression 
probably begins at once although prolactin may tend to persist in the blood; 
prolactin injeeted subcutaneously in pigeons apparently disappears from. the 
blood only after nearly three days (9). 

Special aspects of the maternal response. It is not easy to evaluate the hormonal 
factors which, apart from any conscious treatment whatsoever, may be involved 
in the production of about 22 per cent of ‘‘normal reactors” in our rat colony. 
Indeed, under much longer test (and ageing) another 15 to 20 per cent become 
reactors. This same phenomenon extends to other species, and sometimes to 
relatively immature individuals of the species. On this point we suggest that 
the history of effective hormonal participation in the origin and regulation of ma- 
ternal drive in mammals may extend into the prenatal period. — Basophilic cells of 
the mammalian pituitary produce gonadotropin long before birth, and the 
automatic (later) dosage of these embryos with the mother’s estrogen at or before 
birth may then cause a temporary repression of fetal gonadotropin, and in 
directly of gonadal hormones, along with unequal degrees of ‘“‘conditioning” for 
the maternal response in different individuals or litters. 

Some difficulty also attends any attempt to find a reason for the failure of 
response in 20 to 30 per cent of a group of rats which gave 70 to SO per cent of 
positive responses under dosage with one or another hormone. Our data show 
that, in a later test with a different highly effective hormone, the originally re 
fractive 20 to 30 per cent may again yield 70 to 8O per cent of positive responses. 
Such observations Justified the repeated injection, after a LO-day period of rest, of 
any non-responding rat excepting those that killed the proffered pups. Perhaps 
an ageing or developmental factor here determined the earlier failure and the later 
readiness to respond. A few rats that had failed during 10 days to respond to 
prolactin were injected immediately for another 10 days on a much higher level of 
dosage (60-100 units) without making them maternal. 

Antigonad and related actions of the hormones injected. Much importance at 
taches to the known or alleged antigonad effects (upon or through either re 
productive eycle, gonads, or anterior pituitary) of those hormones which induced 
maternal behavior in the present tests. Our review of that very extensive lit 
erature is too lengthy to publish, and little besides a general statement is possible 
here. Prolactin causes a temporary suppression (2-4 wks.) of estrous cycles of 
mice (5), and the same result in the rat was reported by Lahr and Riddle (8)who 


made the further significant observation that prolactin prolongs the life and ap- 


parent functioning of corpora lutea. Two recent studies confirm this latter re 
sult and provide more critical evidence that prolactin promotes and maintains the 
function of the corpus luteum (1, 7). 

Besides the information in the literature we have studied (smears, sections of 
ovary, testis, etc.) many of the rats used in these tests. Though facts from both 
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these sources are rather inadequate they indicate that, in the dosages and animal 

used by us, most of the substances which evoked maternal behavior plain] 
showed antigonad action. However, for LH particularly (thyroxine, possibly 

the term ‘“‘antigonad”’ seems inapplicable although it too had a tendency to arrest 
eycles. There is definite evidence that most of the effective hormones modify 
pituitary activity, that prolactin promotes the production of progesterone, and ; 
probability that some of the effective hormones other than prolactin cause an 
increased output of prolactin by the pituitary. Estrone, with ability to evok: 
the response only after cessation of dosage, may have a special type of antigonad 
action, but it probably modified the output of both gonadotropin and prolactin 

Noble, Kumpff and Billings (14) made significant observations on the ability 
of corpus luteum hormone and prolactin (also phenol) to induce broodiness in 
normal and castrate Jewel fish. Both hormones were highly effective in fish that 
had previously brooded, and slightly effective in those that had only previous 
spawning experience, but were wholly ineffective in those that had neithe: 
spawned nor brooded., 

Richter (15) has shown that an increase in the nest-building activities of hy 
pophysectomized or thyroidectomized rats is there connected with the maintenance 
of body temperature. In published comment on a statement by Riddle (18) con- 
cerning a part of the present data Richter considered it probable that in our tests 
the proffered pups were treated as nest-building material, and that the retrieving 
thus observed is unrelated to the true maternal drive. In general, Richter sug 
gested that our various effective treatments and operations lowered body tem 
peratures in the treated rats and that their subsequent behavior is not maternal 
behavior but only a part of the heat regulating mechanism. This criticism 
requires consideration. In our first reported tests (20), conducted at lower tem- 
peratures than later, we could distinguish two types of ‘‘nest-building”’ one oi 
which seemed unrelated to the maternal state and the care of young. Late 
tests avoided low temperatures although some fluctuations were unavoidable. 
All nest-building was much less frequent in these later tests; and nest-building, as 
already noted, is wholly disregarded in all decisions concerning the maternal or 
non-maternal state of our rats. 

As earlier noted it is probable that the temperature factor sometimes has a 
share in precipitating a change from mating drive to maternal drive; and clearly 
this might involve, and result from, either a direct antigonad action of extremes 
of body temperature, or from an indirect effeet of temperature upon the output of 
various pituitary hormones (FSH+, LH, prolactin). Our study nevertheless 
provides definite evidence that neither an abnormal environmental nor body tem- 
perature is an essential in the production of the behavior which is here called 
“maternal.”’ All of the substances tested were used during periods of highest 
summer heat and at seasons of lower external temperatures, and the typical 
response to the substances was both initiated and maintained irrespective of 
season and of a warm or cold room. Again, although hypophysectomy and 
thyroidectomy must have reduced the heat production and body temperature of 
all rats thus operated, only some of them became maternal, and many or most of 
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the resistant ones could be made maternal by prolactin which probably increased 
their heat production. In unoperated rats prolactin had no significant effect on 
body temperature in an average of 50 measurements made on 14 rats (99.2° F. 
and 24 concurrent measurements made in 8 uninjected controls (98.9°F.). 
Hypophysectomy, though it doubtless produced lower body temperature whether 
uninjected or injected with mare serum, does not precipitate maternal behavior 


when the latter substance is used to prevent an incidental atrophy of the ovary. 


Again, it can not be assumed that our thyroxine administrations reduced heat 
production in normal and castrate rats which they made maternal and on whom a 
concurrent loss of body weight was observed. 

It was repeatedly shown that rats made maternal by these tests would re 
trieve and cuddle not only young rats but other voung. The motion picture film 
made and exhibited by us at various scientific meetings showed a virgin rat 1 
trieve in succession all of the following offerings: 5 voung mice, 4 newly hatched 
pigeon squabs, 5 young rats. In a few special tests the retrieving and care ot 
young following prolactin was Observed to continue for more than two months 
after the last injection. 

Discussion. Of the various theories hitherto proposed concerning the 
mechanism of activation of sexual and maternal instinct, Lashlev’s (10) recent 
review rather clearly indicates that, despite absence of direct evidence, the 
effective hormones act upon the central nervous system to increase the excita- 
bility of the sensorimotor mechanism specifically involved in the instinctive 
activity. Many parallel instances of a restricted action of drugs upon localized 
neural structures (strychnine) and upon psychological functions (meseal) are, 
however, well known. The results of the present study permit the view that in 
the rat more than one hormone may be capable (though one only may normally 
function) of stimulating this specific sensorimotor mechanism, and that by chance 
a drug (phenol) has been observed to have either a similar selective stimulating 
action or ability to increase the output of an effective hormone. 

Details of this subject need not obscure its broader aspects. Jehavior Is a 
child of growth, as is bodily torm; and in higher animals growth is the offspring of 
genes and of hormones. The laying down of structure adequate for behavioral 
(nervous) mechanisms is an organismal process conducted in a field where both 
hormonal and neural regulation concurrently function. Constitution thus 
provides not only for simple reflexes but for innate unlearned behavior. ‘The es 
sential réle of hormones in recurrent instinctive sexual and maternal behavior is 
what may be expected from the predominant réle of hormones in the regulation of 
irregularly rhythmic processes generally. Again, from the standpoint of basic 
similarities of constitution in the two sexes it is far from surprising that a neural 
mechanism for sexual and for maternal behavior exists in both sexes. 

It is well recognized that the mating drive is aroused——-more directly by the 
sex hormones. In the normal animal this means the concurrent production of 
gonadotropin and sex hormone. The genetic relationships and differences be 
tween mating drive and maternal drive are brought into clearer relief by the 
present study (fig. 2); notable, however, is the earlier observation (16) that birds 
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which probably never developed any trace of a gonad exhibited pronounced 
mating and broody behavior. Perhaps the adrenals produced. significant 
amounts of sex hormones in these latter cases and in many castrates also. In 
both of these drives it is of course the last hormone of the series that is of very 
special significance. It was elsewhere noted (17) that of the organism’s total 
equipment of drives or instincts it is the maternal drive which appears latest in 
the life history. This drive would seem to have no significance apart from adult 
life, or indeed until after pregnancy (mammals) or egg production (other verte- 
brates). With recurring pregnancies it should and normally does recur. Ma- 
ternal drive normally disappears in the mating intervals; and the data presented 
here indicate that an increase of the homologous sex hormone (estrone or testo 
sterone)—resulting from an increase of pituitary gonadotropin—beside pro- 
moting mating behavior definitely inhibits or terminates the maternal drive. 


ORDER OF HORMONE ACTION IN: 


(a) Mating Drive 
ESTROGEN 


GONADOTROPHIN—> OR 
ANDROGEN 


(b) Maternal Drive 


ESTROGEN—>PROGESTERONE—> 
GONADOTROPHIN OR —>PROLACTIN or ? 
ANDROGEN —~> 


Fig. 2. Relationships and differences between hormonal induction of mating drive and 
maternal drive. 


The normal sequence of nearly contemporary hormonal activity (i.e., apart from 
early developmental influence) which accompanies either a first or a later ex- 
hibition of maternal drive in rats thus both begins and ends with a pituitary 
hormone. ‘These two hormones—gonadotropin and prolactin—have, however, 
very unlike properties and functions; broadly, the one is related to building egg 
and sperm, the other to feeding and care of young. 

It is obvious that a study such as is presented in the preceding pages could not 
have been conducted prior to the time when the several all-essential hormones 
beeame available in sufficiently pure form. That time, if it has indeed arrived, 
was essentially coincident with this study. Because of inter- and contra-actions 
among the so-called ‘target’? hormones and the pituitary hormones the analysis 
and interpretation of the results obtained in this prolonged study involves much 
that is now only partly known. Perhaps several, or even all, of the effective sub- 
stances have in common the ability to increase the output of one or another 


“key”? hormone—the latter (e.g., prolactin, progesterone, desoxycorticosterone, 
or a now unknown substance) being more directly concerned in initiating the 
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maternal drive. The time fora satisfactory appraisal of the various possibilities 
spreads into the future. 

Though the above statement seems necessary to an interpretation of our ex 
perimental results it must not be overlooked that recurrent maternal behavior in 
the reproducing animal (which the rats in our tests were not) probably depends 
upon only such hormone or hormones as are in fact released in increased amounts 
at the right t2me in each reproductive evcle; and, whatever is (hus released prob 
ably must also depress or restrain sex hormone production by the gonad, and then 
do still something else that is auxiliary or necessary. Extremely few hormones 
now appear to fulfill these three requirements. In many mammals testosterone, 
progesterone and LH activities would seem to be on the wane at the usual onset 
of the maternal drive, and there is something incongruous in regarding pure LH 
as “antigonad.’” Nothing is known about a evelic production of desoxycortico 
sterone and intermedin, and a suitable evcle for either seems improbable. — Pro 
lactin seems in best fit, and it has been proved effective in all species and sex types 
hitherto tested—fish, doves, fowl and rats. 


SUMMARY AND CONCLUSIONS 


More than 2900 tests were made with 19 different hormones or hormonal 


preparations to determine the rdle of hormones in the exhibition of unlearned ma 


ternal behavior in rats. 

Intact rats aged 60 to 70 days were tested especially for retrieving and cuddling 
responses daily for 10 days, and about 22 per cent of ‘normal reactors’? were thus 
separated from the non-reactor rats thereafter subjected to hormonal injection 
for 10 days with daily records of behavior extending over a further 10-day period. 
All hormones were tested on males and females and on castrates of both sexes, 

In responding rats whose mammaries had been developed with estrone during 
20 days the validity of the criteria of response was attested by the ability of these 
rats actually to feed and rear young. 

The maternal drive was initiated in large or in significant numbers of rats of all 
sex types during injection (or pellet implantation) with various hormones—pro- 
lactin, progesterone, desoxycorticosterone, intermedin, LH, phenol and thy 
roxine; testosterone failed only in normal males. The drive was not activated by 
injection with FSH, “growth”? hormone, adrenotropin, Prolan, pregnant mare 
serum, parathyroid extract nor by a special extract of thyroid tissue. 

Most but possibly not all of the effective substances rather clearly exerted an 
antigonad action on the intact rats; the term, antigonad, seems inapplicable to 
LH although it too had a tendency to arrest estrous eyeles. Castration alone 
slightly increased the number of “normal reactors,’ and also increased the 
effectiveness of all substances capable of exciting the maternal response. 

Intact males were as likely as intact females to be ‘normal reactors,’ but non 
reacting males were more resistant than (the slightly smaller) females to the 
maternalizing action of all the effective hormones. 

Pregnant mare serum, FSH+ and estrone all had much or appreciable ability 
to terminate well-established maternal behavior in most sex types. ‘These sub- 
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stances do not exert this action in rats deprived of their hypophyses, but they are 
effective in the absence of the thyroid. 

Hypophysectomy alone precipitates maternal behavior in approximately 50 
per cent of otherwise intact rats, but not if a decrease of the ovarian function is 
prevented by injections of pregnant mare serum. Non-reactors following hy- 
pophysectomy can, in most cases, be made maternal with either prolactin or 
progesterone. 

In male rats thyroidectomy alone excites maternal behavior in about 25 per 
cent of such tests. Male rats not made maternal by this operation seem there- 
after more resistant than normal rats to the positive action of prolactin, pro- 
gesterone and LH. 

The degree of purity or contamination of the various pituitary preparations 
used. was ascertained. Progressively larger doses of prolactin—6, 18 and 30 
units—progressively increased the percentage of rats of all sex types made ma- 
ternal by treatment. 

Recurrent maternal behavior in the reproducing animal (which the rats in 
these tests were not) probably does not depend upon the several hormones here 
found to be directly or very indirectly active, but upon that one of the group 
which a, is released in increased amount at the right time; 6, exerts an antigonad 
action, and c, then directly or indirectly increases the excitability of the sensori- 
motor mechanism specifically involved in this instinctive behavior. Though 
present information is inadequate the hormone which apparently best fits these 
requirements is prolactin. 

Genetic relationships and differences between mating drive and maternal drive 
seem clearer in the light of results of this study. The mating drive, or perhaps 
merely an unexpressed basis for that drive, is apparently an intimate or necessary 
precursor of the maternal drive. It thus appears that the maternal drive is re- 
motely conditioned by the pituitary hormones (gonadotropins) which govern the 
building of egg, sperm and sex accessories, and is probably precipitated and regu- 
lated by another pituitary hormone (prolactin) whose actions relate broadly to 
the feeding and care of young. 
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Numerous investigators have reported on changes in heart rate, blood pres- 
sures, blood sugar, blood lactate, ventilation and oxygen consumption during 
and following exercise of various kinds, intensity and duration. The typical 
physiologic responses of normal males to mild, moderate and strenuous exercise 
have been fairly well established (1-16). Similar observations on young women 
may be found scattered through the literature (16-27). The physiologic 
responses of women to exercise are, as might be expected, similar in nature to 
those reported for young men. At present, however, the literature does not 
yield sufficient comparable data on the two sexes to permit generalizations as 
to how such responses differ in degree for work of a given intensity. 

It is the purpose of this paper to present and compare data relative to ventila- 
tion, oxygen consumption, R.Q., blood lactate, blood sugar, pulse rates and 
blood pressures for healthy young women and men during and following non- 
exhausting and exhausting work performed under identical conditions. Since 
certain of these variables are related to physical fitness for exertion (13, 14 
such data should be useful in attempting to evaluate the relative fitness of men 
and women for this type of work. 

Subjects. The seventeen women used in these experiments were graduate 
students in hygiene and physical education between the ages of twenty and 
twenty-seven. They do not represent a random sample of young women, since 
they are selected as to health and probably engage in more physical activity 
than the average voung women in this age range. They should not, however, 
be considered athletes in a trained state. 

The thirty men subjects were between the ages of nineteen and twenty- 
three. They were drawn from the 250 cases which comprised at the time the 
Grant Study at Harvard University. None were athletes in training. Ten 
cases were chosen at random from those designated as ‘‘good,”’ ten from ‘“‘aver- 
age’? and ten from the ‘poor’ classification. The basis of classification has 
been described and certain data for these same individuals presented elsewhere 
(13, 14). 

ProceDURE. The moderate exercise, referred to as “‘the walk,” was walking 
at 3.5 miles per hour on an 8.6 per cent grade for fifteen minutes on a motor 
driven treadmill. The strenuous exercise, referred to as “the run,” was running 
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at 7 miles per hour on the same grade for five minutes or until unable to con- 
tinue. Only nine subjects, all men, were able to continue this work for five 
minutes. Heart rates were measured continuously from the beginning to the 
end of the experiment with a recording Guillemin cardiotachometer, as de 
scribed by Cotton and Dill (30). Blood pressures were obtained with sphyg 
momanometer and stethoscope. Blood sugar was measured on a sample of 
capillary blood by the method deseribed by Edwards (28). Ventilation and 
oxygen consumption were determined by the open-circuit gasometer method. 

No data on women were collected during the subject’s menstrual period, 
the week preceding or the three days following the period. 

The women subjects arrived at the laboratory six hours after breakfast, 
with no lunch. The typical experiment proceeded as follows: 


2:00) Bed rest 
Resting ventilation and oxygen consumption measured 
Sitting and standing heart rate and blood pressures measured 
Subject walked on treadmill 
2:34-2:39 expired air collected in Tissot spirometer 
2:35 blood samples from finger for sugar and lactate analyses 
Subject seated beside treadmill 
2:41, 2:43, 2:45, 2:47, 2:49 blood pressure taken 
Subject ran on treadmill for five minutes or until unable to continue 
pired air collected for each half minute 
Recovery from run, subject seated beside treadmill 
2:56, 2:58, 3:00, 3:08, 3:05, 3:13, blood pressures taken 


3:00, 3:05, blood sample taken for sugar and lactate analyses 


The experiments on men differed only in that they were performed at various 


times during the day, and the bed rest and measures of ventilation, oxygen 


consumption, heart rate and blood pressures at rest were omitted. 
The “Recovery Index” (13) and the ‘‘Work Index” (14), designed to measure 
physical fitness for exertion, were computed for each subject as follows: 


Recovery Index—Walk 


300 
recovery pulse rates (30” to 90’) + (2’ to 3’) + (5' to 6’) 


Recovery Index—Run 


Duration of run in seconds x 100 
recovery pulse rates (30’’ to 90’’) + (2’ to 3’) + (5' to 6’) ~~ 
Work Index—Walk 
150 (maximum pulse rate + maximum lactate concentration ) 
Work Index—Run 
Duration of run in seconds (maximum pulse rate + maximum lactate 
concentration ) 


For each index the higher scores represent greater fitness for exertion. The 
derivation of these indices is described in the references cited. 


1:30 
2:00 
2: 15 
2:25 
2:40 
2:50 
9:55 
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TABLE 1 


Veans and extremes of values for selected physiologic variables for 17 women and 30 men 


AND FORBES 


pe rforming moderate and strenuous exercise 


Walk (3.5 m.p.h. on 8.6 per 
cent grade for 15 min.) 
kgm. 


Ventilation, ec./min. 


consumed, ce./min 
9-14 min. 


R.Q.—maximum 


Blood lactate, mgm. per cent 
Blood sugar, mgm. per cent 


Pulse rate—1l min. 


Pulse rate—3 min. 
Pulse rate 


Recovery pulse 


maximum 
1 min. 


Recovery pulse—2} min. 
tecovery pulse—d min. 
Systolic pressure—1 min 
Diastolic pressure—1 min. 


Recovery Index 

Work Index 
Run (7 m.p h. on 8.6 per cent 
grade until exhausted) 
Duration 
Ventilation, ce. 

(max. ) 


(sec.) 


min./kgm. 


O, consumed, ec./min./kgm. 


max. ) 
R.Q. 
Blood lactate, mgm. per 


maximum 

cent (max.) 

Blood sugar, mgm. per 
cent (maxX.) 

Pulse rate—1 min. 


Pulse rate—maximum 


Recovery pulse—1l min. 
Recovery pulse—2} min 
Recovery pulse—5 min. 
Systolic pressure—1 min 
Diastolic pressure—l min 


Recovery Index 


Work Index 


The data. 


women and thirty men are shown in table 1. 


valk. 


kgm 


Women 


108 


A. During and following the u 


subjects performed the same amount of work per kilogram body weight for 


MEANS 


Men 


O.S9 


EXTREMES 
Women Men 
831 $2] 748 
3 30.2 24.5 38 
S4 0.99 0.56 
58 9 38 
141 S9 131 
177 112 162 
190 115 168 
200 120 172 
172 S5 162 
141 82 135 
143 75 124 
160 122 176 
9S 60 a0 
101 75 120 
—36 —59 14 
186 105 300 
220 690 1400 
6 47 30.5 60 
72 1.30 0.81 1 
144 68 178 
235 114 194 
202 157 192 
206 178 210 
180 128 180 
151 102 148 
137 95 136 
190 140 212 
LOS {8 96 
10) 28 92 
132 — 208 50 


The means and extremes for the data obtained for the seventeen 


Non-exhausting exercise in which all 


: 
1) 
610 552 167 
27.8 29.6 25 
0.91 0 17 
10 21 26 
115 112 88 
P| 152 140 134 Ii 
168 143 150 
179 151 156 I 
139 116 111 
123 107 93 
112 9] 82 d 
148 148 130 
S4 74 76 i 
Ss] 67 Oo 
- — 106 
4) 
= 216 70 h 
975 1112 716 
10.9 51.3 29 
1.06 1.14 0 15 
112 119 69 t 
Pa | 
156 144 113 
188 177 170 
197 194 181 
163 158 145 O 
132 124 111 
116 114 105 
163 1S] 140 1 
77 78 
26 55 16 
—2()] —O5 — 266 
i! 
nN 


COMPARATIVE RESPONSES OF WOMEN AND MEN TO EXERCISE 321 


the same length of time, and in which all subjects reached an approximately 
steady state within the first five or six minutes, 

1. There is no marked difference between the men and women in ventilation, 
oxygen consumption, R.Q. or blood sugar. 

2. The women show a more rapid increase in heart rate and reach a highet 
maximum, although oxygen consumption in ce./min./kgm. is roughly equiva 
lent for the two groups. 

3. The rates of recovery for heart rate are approximately the same, although 
the women must recover from a higher maximum level. 

1. The lactate concentration is higher for the women, suggesting a greater 
degree of fatigue resulting from the same amount of non-exhausting work. 

5. Systolic pressures are the same, but diastolic pressure following the walk 
is greater for the women. (In interpreting the results of these experiments no 
great significance may be attached to differences in observed blood pressures. 
It is difficult to obtain accurate readings of blood pressure immediately follow- 
ing exertion; the conditions in the laboratory increased this difficulty; and 
different observers took the measurements on the two groups. The pressures 
change very rapidly during the recovery period and a difference of a few seconds 
in time elapsing before obtaining the measurement may have a marked effect 
on the reading.) 

6. Both indices of fitness are lower for the women. 

B. During and following the run. Exhausting exercise in which the amount 
of work per kilogram body weight per second was the same for all subjects, 
but the duration of the work was determined by the ability of the subject to 
continue. No subject achieved a steady state at this level of activity. 

1. The average duration of the run for the women is only half that for the 
men, so that the women performed only half as much work before becoming 
exhausted. 

2. The maximum pulse rate is approximately equal for the two groups, but 
the women reach this maximum more quickly. The rates of recovery are 
about the same. 

3. The maximum lactate concentration is approximately the same for both 
groups, indicating that both were equally fatigued, although the women ran 
only half as long. 

$. The men have a higher R.Q., and greater maximum ventilation and oxygen 
consumption in ec./kgm./min., although maximum heart rates are about 
the same. 

5. The women show a higher blood sugar level after the run. 

6. Svstoliec pressure is lower and diastolic pressure higher for the women 
immediately after the run. (See note under A-5 above.) 

7. Both indices of physical condition are lower for the women than for the 
men. This difference is greater for the run than for the walk. 

8. In all variables there is considerable overlap in the ranges for the two 
groups. 


The extensive overlap between the men’s and women’s data and the diffi 
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culty of comparing data from the run, in which the women performed only half 
as much work as the men, suggested a second type of comparison. Using a 
composite of the four indices of fitness for exertion, the eight “best”? women 


TABLE 2 p 
Veans and extremes of values for selected physiologic variables for 8 ‘best’? women a 


and 10 ‘poor’? men pe rforming moderate and strenuous exercise 


MEANS EXTREMES la 

le 

Women Men Women Men , 

Walk 
Ventilation, ce./kgm./min. 544 574 167 623 162 748 ty 
O» consumed, ec./kgm./min 27.3 29.9 25.3 30.0 24.6 38.3 el 
R.Q. (max 0.90 0.85 0.87 0.91 0.56 0.97 

Blood lactate, mgm. per cent 34 25 26 53 19 37 

Blood sugar, mgm. per cent 114 110 102 35 SY 126 it 
Pulse rate—I1l min. 148 149 136 164 116 162 
Pulse rate—3 min. 165 151 150 183 122 168 

Pulse rate—maximum 172 159 161 183 130 172 er 
Recovery pulse—1 min. 130 128 111 154 105 162 
Recovery pulse—2} min. 116 117 93 141 96 135 
Recovery pulse—5 min. 104 107 82 32 95 124 
Systolic pressure—l1l min. 149 149 130 160 138 168 
Diastolic pressure—1I min. 83 72 76 QQ 60 88 
Recovery Index S6 S7 71 101 75 102 
Work Index — 56 —34 —S83 —45 —oay 6 

tun 

Duration (see. 133 138 87 186 105 175 


Ventilation, ec./kgm./min. 
max.) 1000 1055 716 1220 756 1400 
Max. O» consumed, ce. 


kgm./min. (max.) 41.6 18.7 36.5 17.5 36.2 57.9 
R.Q.—(max.) 1.13 1.10 0.91 1.30 0.81 1.45 Be 
Blood lactate, mgm. per cent 112 113 69 144 83 153 th 
Blood sugar, mgm. per cent 155 138 131] 200 114 194 te 
Pulse rate—1l min. 184 180 170 194 165 192 er 
Maximum pulse rate 194 194 IS] 202 187 205 | 
Recovery pulse—1 min. 164 159 150 180 140 170 
fecovery pulse—2} min. 131 123 117 151 102 136 
Recovery pulse—5 min. 115 113 105 137 96 130 sti 
Systolic pressure—1 min. 166 183 140 190 168 210 ac 
Diastolic pressure—1 min. 88 83 78 98 66 96 co 
Recovery Index 32 35 22 40 28 42 
Work Index —174 ~169 132 —197 |—143 —208 

in 

were selected, for the purpose of comparing them with the ten men classified for 
as “‘poor.”” The means and extremes for these two groups are shown in table 2. vie 
It may be observed that for these two groups doing the same amount of work be: 
per kilogram of body weight the physiologic responses are very similar. During tio 


— 


bo 
w 
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ind following the walk, in which neither group is pushed to maximal exertion 
nd both attain a steady state, it is noteworthy that: 

1. The blood lactate is slightly higher for the women. 

2. The maximum pulse rate is higher for the women, but their recovery is 
prompt, so that recovery pulse rates at one minute, 25 minutes, and 5 minutes 
are equivalent for the two groups. 

3. The ‘Work Index”’ is slightly lower for the women because of the higher 
lactate concentration and pulse rate. This suggests that these women are 
less fit than the men for long-continued sub-maximal work. In other words, 
this work is more strenuous for the women than it is for the men. 

In the run, which is sufficiently strenuous to exhaust both groups in about 
two minutes, and in which both are pushed to their m: ximum level, these differ- 
ences disappear. The only differences are: 

1. Oxygen consumption in ce./min./kgm. is lower for the women, indicating 
a slightly higher mechanical efficiency in the performance of the work. 

2. Blood sugar is slightly higher for the women. 

Discussion. Among the physiologic responses to exercise which differ- 
entiate the trained from the untrained (1-10) may be listed: 

1. More economical ventilation during exertion 

2. Ability to attain a greater maximum ventilation 

3. Greater mechanical efficiency as measured in terms of lower oxygen 

consumption for a given amount of external work 

1, Ability to attain a greater maximum oxygen consumption 

5. Lower gross R.Q. during exercise 

6. Lower blood lactate for a given amount of exercise 

7. Ability to push self to a higher lactate before exhaustion 

8. Less increase in pulse rate for sub-maximal exertion 

9. Quicker recovery in pulse rate following activity 

An examination of the data for the thirty men and seventeen women pre- 
sented in table 1 shows these same differences existing between the men and 
the women. For the walk, in which all subjects did the same amount of ex 
ternal work per kgm. body weight, the men exhibit lower ventilation in 
ee./min./kgm.; their blood lactate is lower; and their pulse rate is lower, the 
maximum rate reached being equal to that attained by the women after only 
1 minute of walking. The data indicate throughout that this exertion is more 
strenuous for the women than it is for the men, even though both are able to 
achieve a steady state. Stated differently, the men are in better physical 
condition for this sub-maximal type of exertion and the level at which they 
reach a steady state is somewhat lower. This is shown also by the differences 
in the Recovery Index and the Work Index. 

Comparisons of data for the run are made difficult because the men per- 
formed on the average twice as much work as the women. ‘The data should 
vield some explanation of why the men were able to continue twice as long 
before exhaustion. It may be seen that they were able to reach a greater ventila- 
tion, higher R.Q., and markedly greater maximum oxygen consumption and 
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were therefore able to carry on for a longer time. In so far as blood lactate 
serves as a measure of fatigue, there is little evidence that the men pushed 
themselves nearer to exhaustion, since the blood lactates are roughly equiva- 
lent, but the men ran twice as long before reaching their maximal lactate. 
The means and extremes for maximum heart rate are almost identical, but the 
women reached this maximum in half as much time. This more rapid increase 
is shown in the difference in rate at 1 minute. Again it is evident that this 
exertion is more strenuous for the women than for the men, taxing all the body 
systems to their limits in a much shorter time. That the women are less fit 
for this exhausting exercise is also shown by the great differences in the Re- 
covery Index and the Work Index. 

The analysis of the means of the data for the seventeen women and thirty 
men. prompts the generalization that women, as a group, are the ‘‘weaker 
sex,” being less fit than men for both moderate and strenuous exertion and 
exhibiting less endurance for this type of activity. 

From the comparisons in table 2 which shows data for the eight ‘‘best’’ 
women and the ten poorest men, it may be seen, however, that such a generaliza- 
tion may be made only about the average performances of the two groups, for 
the responses of the eight ‘best’? women closely approximate those of the 
ten ‘‘poor’? men. 

In running uphill at a rate which does not permit the attainment of a steady 
state by any of these subjects, the eight “best”? women and the ten “‘poorest”’ 
men are exhausted in the same amount of time. The women equal the men 
in maximum ventilation, oxygen consumption, R.Q., blood lactate, increase 
in pulse rate, maximum pulse rate, rate of recovery and systolic and diastolic 
blood pressures. The women have a higher blood sugar after the run. This 
may be due to excitement, or it may be a chance difference. In short, there 
is nothing to indicate that these eight women are in any wav less fit than these 
ten men for short bouts of exhausting exertion. This is shown also by the 
similarity of the Recovery Index and the Work Index for the two groups. 

In the longer continued but less exhausting activity of walking uphill, the 
differences are somewhat greater for the eight “best”? women and the ten 
“poorest”? men. For the women, pulse rate accelerates more rapidly, and 
reaches a higher maximum, but recovery during the first minute is also more 
rapid. This suggests that even these “‘best’’ women found this long-continued 
moderate exertion more strenuous than did the ten ‘poor’ men. This is further 
shown by the higher blood lactate, which indicates that they were more fa- 
tigued. There is no difference in the Recovery Index for the two groups, but 
the Work Index shows that even the best women are slightly less fit for long- 
continued submaximal exertion than are the poorest group of men. 

Since the walk and the run represent two quite different levels of activity, 


the statements: a, the groups of eight women and ten men are equally fit for 
short bouts of exhausting activity; and 6, the women as a group are slightly 
less fit for long-continued activity, are not necessarily contradictory. They 
do, however, raise the question as to why this difference exists. In the run the 


} 
I 
| 
a 
| 
J 
d 
0 
h 
d 
| 


COMPARATIVE RESPONSES OF WOMEN AND MEN TO EXERCISE 325 


limiting factors are primarily circulatory and respiratory. In the walk, the 
subjects reached a steady state, in which the circulatory and respiratory sys- 
tems adjusted to the demands made upon them, but the duration of the activity 
is such that muscular fatigue becomes a factor. It is possible that differences 
in muscle strength relative to body weight may provide a partial explanation 
of why the women were more fatigued than the men by this continued exe 
tion. Data on this point are not available for the present group of subjects. 

On the basis of the data presented, it is interesting to speculate on the dis- 
tribution of physical fitness for exertion in the total population, It is obvious 
from the data on the tecovery Index and Work Index prese nted in tables 1 
and 2 that there is no clear-cut division between men and women in physical 
fitness for these two types of exertion. Some of the best women exceed in 
fitness the poorest men, and for the best half of the women studied and the 
poorest third of the men the overlap is complete. Thus, it is obvious that in 
the total population, including both sexes, physical fitness for exertion must 
be considered a continuous variable, although the distribution is not neces 
sarily normal in form. In this distribution it is evident that the women are 
more numerous in the “poor” end of the distribution, while the men preponder- 
ate at the ‘‘good” end, but in the middle of the range the sexes overlap. 

It may be pointed out that the subjects of the present experiment do not 


represent extremes of fitness. The classifications ‘good,’ “‘average,’’ and 


“poor” are only relative. As has been shown by Johnson and Brouha (13, 14 

athletes in training exceed in fitness the ‘good’? men in the present group. 
The same is probably true for women. As has been stated, the women sub 
jects were selected as to health and amount of daily activity. There are, no 


doubt, many healthy voung women of this age who would make poorer records 
than the poorest reported here. Similarly, healthy young men have been found 
who are less fit than the ‘poor’? members of this selected college group. Lack 
ing data on these extremes of performance it is not possible to set the limits 
of overlap in performance for the two sexes, but it seems probable that it is 


very great. 


SUMMARY 


1. Seventeen women and thirty men walked fifteen minutes at 3.5 miles per 
hour and ran for five minutes or until exhausted at 7 miles per hour on a motor 
driven treadmill with a grade of 8.6 per cent. 


2. Records of heart rate, blood pressure, ventilation, oxygen consumption, 


R.Q., blood sugar, and blood lactate were obtained. 
3. Means and extremes for the data are compared for the two group 
!. The differences between the averages for the men and women are similar 


in nature to those between the trained and the untrained, 
5. As a group, the women were less fit than the men for both moderate and 
strenuous exertion. 

6. Means and extremes for the data on the eight ‘best’? women and the ten 


“poorest”? men are also compared. 
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7. The eight ‘best’? women equalled in every respect the performance of 
the ten “poor” men in the strenuous exhausting exercise. They showed slightly 
greater fatigue as a result of fifteen minutes of non-exhausting exercise in which 
a steady state was reached and maintained. 
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We have previously reported that the rate of utilization of oxvgen by the 
brain of the newborn of various species is less than that of the adult (1, 2, 3). 
The production of energy by anaerobie processes is also slower in the infant (4 
In the present experiments a study was made of the activities of some enzyme 
svstems of adult and infant rat brain. The cytochrome oxidase system was 
examined with the use of phenylenediamine and glucose dehydrogenase with 
methylene blue. In addition the cerebral metabolic rates of voung and mature 
rats were compared when the temperature of the environment was altered and 
the potassium concentration of the suspending medium increased. Potassium 
vas employed because, though it exerts little effect on most tissues, its influence 
on adult brain is profound; oxidations and aerobic glycolysis are increased while 
anaerobic glycolysis is diminished (5). 

Merrnop. Cortical tissues of rats of various ages were minced and suspended 
in a Ringer’s solution buffered with phosphate at pH 7.4 and glucose as sub- 
strate. The effect of 0.1 M potassium chloride on the oxygen uptake of these 
tissues was measured in the Warburg respirometer. These observations in- 
cluded the respiratory quotient of the cortex and the oxygen utilization of the 
upper portion of the brain stem and medulla. The influenee of potassium on 
the respiratory metabolism of excised cerebral cortex of depancreatized cats 
was also examined. The respiration of cerebral tissues of rats of various ages 
was estimated when these tissues were exposed to temperatures of 38°, 40°, 
and 45° both with and without the presence of 0.1 M potassium chloride. The 
metabolic rates of the adult and infant brain were compared in the presence of 
0.005 N  paraphenylenediamine. The anaerobic dehydrogenation time of 


glucose was studied in Thunberg tubes evacuated of air with 1:5,000 methylene 


blue as an indicator. 

Resutts. Figure 1 reveals the effect of potassium on the metabolic rate of 
both infant and adult brain. It may be seen that potassium stimulates markedly 
the aerobic metabolism of the adult rat cerebral cortex, but has only a small 
effect both absolutely and on a percentage basis on the infant brain. It should 
be observed that the response to potassium increases from the time of birth and 
is similar to that of the adult after 40 days of age. Upper brain stem and 
medulla are also susceptible to respiratory stimulation by potassium. The 


1 Deceased November 23, 1940. 
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respiratory quotient of the cerebral cortex is 0.89 without and 0.91 with 0.1 M 
potassium chloride. In the presence of potassium the metabolism of the cerebral 
cortex of a depancreatized cat is also accelerated, the average oxygen utiliza- 
tion rising 53 per cent over a period of one hour. 

Increase of temperature is less effective in augmenting the metabolism of infant 
than of adult brain as seen in figure 2. The additive response to the combined 
actions of both potassium and temperature is observed only in the adult, per- 
haps because the changes in the infant are of such a small magnitude as to be 
within the experimental error. The average rate of acceleration of oxygen 
utilization in the presence of phenylenediamine by the infant brain (average 
of 12 observations) is 18 per cent during the first 10 minutes and rises gradually 
to 73 per cent from the 50th to the 60th minute. This is in contrast to the 
effects on the respiratory metabolism of the adult brain (average of 12 observa 


TEMPERATURE AND KT EFFECT ON 
EFFECT OF AGE ON K* STIMULATION = ADULT AND INFANT 
| — | ADULT 42°*K 
60 ° = 300 | ADULT 
ADULT 38 
40 200 
< 
wl z 
fag INFANT 
INFANT 42° 
= > INFANT 38° 
o 
(10 30 60 90 
AGE IN DAYS TIME IN MINUTES 
Fig. 1 Fig. 2 


Fig. 1. Represents the response of cerebral cortex of rats of various ages to potassium. 
Each point on the curve is the average of at least 10 observations. 


Fig. 2. Illustrates oxygen consumption in cubic millimeters per 100 mgm. wet weight 


of adult and infant brain. Each point represents the average of 5 observations. 


tions) which, is increased 124 per cent in the first 10 minutes. This effect di- 
minishes rapidly so that in the last 10 minutes of the hour the increase over the 
control is only 38 per cent. The average decolorization time of methylene blue 
is 22.3 minutes for 22 adults and 35.4 minutes for 25 infants. 

Discussion. The present investigation explores the relative rates of activity 
of some enzymatic systems of infant and adult brain in order to determine the 
underlying mechanisms for their metabolic differences. In the first place the 
results present additional evidence that the metabolism of the adult and infant 
brain are quantitatively different. This is revealed by the smaller oxygen con- 
sumption of the infant cerebral tissues. The longer sustained rise with 
phenylenediamine indicates a slower utilization of this substrate by the infant 


brain. This result may be ascribed to a lesser activity of the cytochrome oxidase 
system in the newborn. The initial stimulation and subsequent depression of 
adult brain with paraphenylenediamine has been previously noted by Quastel 
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ind Wheatley (6). The observations with methylene blue reveal that the glu- 
cose dehydrogenation is slower in the young. The diminished response of these 
enzyme systems to stimulation may help to explain in part the lower metabolic 
rate of the infant brain. 

An analvsis of the differential response of adult and infant cerebral tissue to 
potassium must take into account the suggestion that growing tissues contain 
in increased potassium concentration (7). This might tend to diminish the 
influence of added potassium. If one accepts Dixon’s point of view (8), potas 
sium increases the permeability of nervous tissues, then access of substrates to 
respiratory enzymes is facilitated by potassium. With smaller concentrations 
of enzymes in the infant brain the effect of potassium would be proportionally 
reduced. The stimulatory effect of potassium probably increases the carbo 
hydrate oxidation since all parts of the brain oxidize carbohydrate (9, 10). The 
augmented utilization of oxygen by diabetic cerebral tissue may also be ascribed 
to carbohydrate oxidation because the brain does not require insulin for this 
process (11, 12). Finally, the study of the respiratory quotients which remain 


unchanged by potassium yield additional evidence that the increased respira- 


tion is at the expense of the usual cerebral substrates. 

The effect of rise of temperature is to increase metabolic rate. The diminished 
response of the infant brain to elevation of the environmental temperature there- 
fore is similar to the results with potassium. When a greater concentration of 
potassium is used at increased temperatures, the results are additive. An ex- 
amination of figure 2 reveals that the combined effects of 0.1 M potassium chloride 
and a rise in temperature from 38°C. to 42°C. produce an increase of oxygen 
utilization of 120 mm.* per 100 mgm. of adult cerebral tissue per hour. The 
sum of the two independent effects (0.1 M potassium chloride = 82 mm.* and 
increase of temperature 38°C. to 42°C. = 49 mm.*) is 181 mm.*— The difference 
between the two values, 11 mm.*, is within the experimental error. 

The observations made in the present investigation may be explained if the 
concentrations of enzymes are less in the newborn than in the adult. Con- 
firmatory evidence of such a conception is found in the rapidly increasing protein 
concentration in the brain of the rat during the early neonatal life. It is known 
that metabolism varies with protein concentration. 


SUMMARY 


The cerebral tissues of rats of various ages exhibit differences in the response 
to metabolie stimulants. The oxygen uptake of the infant brain is accelerated 
to a lesser degree by potassium, increases of temperature, paraphenylenediamine 
and the decolorization time of methylene blue is delaved. The smaller response 
to potassium and increase of temperature in the young may be ascribed to a 
general effect. on all enzymes which are of lesser concentration in the newborn, 
while the slower utilization of paraphenylenediamine and the delayed decoloriza 
tion time of methylene blue may be accounted for more specifically by smaller 
concentrations of eytochrome oxidase and glucose dehydrogenase respectively. 
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NEUROMUSCULAR TRANSMISSION 


HAYDEN C. NICHOLSON, W. Y. TAKAHASHI ann JUAY HONG 


om the Departments of Physiology iv the Harvard Vedical School and the ly é of 
Vic } igan 


Received for publication May 11, 1942 


In a study of the response of a skeletal muscle to continuous tetanization of 
its motor nerve Luco and Rosenblueth (1939) found that if the stimulation 
60 per sec.) was {continued sufficiently long, the period of neuromuscular 
fatigue was followed by a slow but maintained rise of tension which might amount 
to 60 per cent of the maximal tension developed by the muscle. The initial 
contraction, the subsequent fatigue and the late rise of tension they referred 
to respectively as the first, fourth, and fifth stages of neuromuscular transmis 
sion. Evidence was subsequently presented (Rosenblueth, Liss4k and Lanari, 
1939) indicating that the 5th stage was associated with an increased ability 
of the motor nerve fibers to produce acetylcholine. Since muscular weakness 
and ease of fatigue are among the most prominent symptoms of adrenal cortical 
deficiency both in experimental animals and in man, it seemed worthwhile to 
investigate the possibility of a relationship existing between the activity of the 
adrenal cortex and the development of the 5th stage. (The fact that the ad- 
renal medulla is not involved was established by the observation of Rosenblueth 
and Luco (1939) that ligation of the adrenals at the beginning of the experiment 
does not affect the development of the 5th stage.) 

The experiments to be described in this paper were begun during a period which 
one of us (H. C. N.) spent as a guest in the Department of Physiology in th« 
Harvard Medical School. They were continued after his return to Ann Arbor, 
in association first with W. Y. T. and later with J. I. 

MetHop. All our experiments were performed upon anesthetized cats. The 
muscles studied were those attaching to the tendon of Achilles (gastrocnemius, 
plantaris, soleus). The leg was fixed by drills inserted into the tibia. The 
contractions of the muscles were recorded on a kymograph by attaching the 
tendon to a myographic lever of the type previously described by Rosenblueth 
and Luco (1939). The muscles pull against one or more heavy rubber bands, 
the record indicating mainly changes in tension. Contraction is indicated by an 
upward excursion of the lever. 

Shielded silver electrodes were applied to the popliteal or sciatic nerve after 
section of the sciatic centrally. The nerve was stimulated at a frequency of 60 
per second by thyratron-regulated condenser discharges. Slightly super 
maximal shocks were used. The electrode polarity was that which trial showed 
to be the more effective. 
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In the original series of experiments performed at Boston dial! was used 
the anesthetic. After performing seven control experiments upon normal cat- 
eight similar experiments were carried out upon cats both of whose adrena| 
glands had been removed in a single stage operation 24 to 48 hours previous] 
the animals remaining untreated during this interval. In many of these latt« 
experiments the difficulty was encountered that even though the animals ap 
peared to be in excellent condition at the beginning of the experiments the 
failed to survive sufficiently long (3 hrs. or more) to permit the development o 
the 5th stage. In an effort to overcome this difficulty a large number of experi 
ments were performed after returning to Ann Arbor in which the use of pento 
barbital and urethane as anesthetic agents was compared with dial in bot! 
normal and adrenalectomized animals. These other anesthetics turned out ti 
have no advantage over dial in this respect, though finally a sufficient number oi 
animals survived the requisite time to justify conclusions regarding the influenc 


of the adrenal insufficiency upon the 5th stage. 
TABLE 1 
° AVERAGE TIME AVERAGE 
TYPE OF EXPERIMENT AND NUMBER OF itn FALL TO 25 PER ices deeaamee Scone STAGE IN 
EXPERIMENTS IN EACH GROUP | PER CENT 
IN INITIAL ONTRA 
CONTRACTION TION 
mm min min, 
7) Control (Boston) SO. 1 5.6 141 (range 90-180) 39.7 
S) Adrenalectomized (Boston) ; 97.1 6.0 
19) Control (Ann Arbor) 116.5 19.2 153 (range 92-208) 30.1 
8) Adrenalectomized (Ann Arbor) 118.1 20.9 


RESULTS AND Discussion. Table 1 summarizes the results of these experi 
ments as regards the first and fourth stages of neuromuscular transmission in 
control and adrenalectomized animals and as regards the fifth stage in the con- 
trol animals. The results of the control experiments were exactly similar to 
those described by Rosenblueth and Luco (1939). In three of the adrenalec- 
tomized animals the operation was performed 24 hours prior to the experiment. 
In the remaining thirteen the adrenalectomy was carried out 48 hours before 
the experiment. In the Ann Arbor experiments the magnification of the mus- 
cular contraction was somewhat greater and the tension against which the 
muscle contracted was somewhat less than in the Boston experiments, accounting 
for an apparently higher contraction and slower onset of fatigue in the former 
series. The effects of adrenalectomy were the same in the two groups. 

It is clear from table 1 that, as indicated either by the height of the initial 
contraction or the rapidity of onset of fatigue, these animals experimented upon 


1 The dial and desoxycorticosterone acetate used in these experiments were kindly fur- 
nished us through the courtesy of Dr. Ernst Oppenheimer of Ciba Pharmaceutical Prod- 


ucts, Incorporated. 
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either one or two davs after adrenalectomy were not weak hie ict 
greater height of the initial Contraction in the adrenalectomized animals, slight 
in the Ann Arbor experiments but more marked in the Boston series, and. the 
slightly slower onset. of fatigue in the adrenalectomized than in the normal 
animals may probably be accounted for by the fact that in choosing animals ton 
adrenalectomy an effort was made to select particularly large, healthy appearing 
animals. 

While adrenalectomy seemed to be without significant effeet upon the Ist and 
Ith stages of neuromuscular transmission it did markedly interfere with the 
development of the Sthstage. Of the sixteen experiments upon adrenalectomized 


animals, 5th stages were observed in two. In one, pertormed 24 hours aiter 


adrenalectomy, there developed a 5th stage which was of normal height though 
less well maintained than normal, its tension declining about 30 per cent in two 
hours. The greatest fall observed in a similar period in any of the normal e 
Fig. 1. Hlustrating progressive subsidence of 5th stage in cat adrenalectomized 24 hours 
prior to the beginning of the experiment; 10-minute segments of record separated by 40 
minute intervals. The base line indicates the 4th stage (fatigue) level 
periments was about 5 per cent. A portion of the record of this experiment is 
reproduced in figure 1. In one other adrenalectomized animal a 5th stage ap 
: peared. This experiment was performed 2 days after the adrenalectomy. Th 
5th stage began 87 minutes after the initial contraction. «In the next 38 minutes 
there was an increase in tension amounting only to 3 per cent of that developed 
in the first stage. The tension then began to fall, the animal dving IS minute 
later. 
In the remaining 14 experiments upon adrenalectomized animals no Sth stage 
was observed. Inasmuch as considerable time is required tor the appearance of 
the 5th stage in normal animals, the duration of these experiments upon adr 
nalectomized animals is, of course, of significance. The average time of ap 
pearance of the 5th stage in 26 control experiments was 147 minutes, with a 
} variation from 90 to 208 minutes. In only 3 of these experiments with the time 


of appearance of the 5th stage greater than three hours, the time in these es 
periments being 200, 207 and 208 minutes respectively Phe durations of the 


experiments upon adrenalectomized animals in which no Sth sta 


appeared 
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were SO, 85, 100, 102, 159, 160, 160, 200, 210, 270, 280, 300, 330 and 330 minutes 
respectively. Inasmuch as 6 of these experiments continued bevond the maxi 
mail time of appearance of the 5th stage in the control series, and 4 others bevond 
the average time of such appearance, the conclusion seems inescapable that 
adrenalectomy may result in failure of the 5th stage of neuromuscular trans 
mIssion, 

Sham operations were performed upon three cats. In these the same anes 
thetic (ether) was used as in the adrenalectomies, the same incision was made, and 
the intestines handled somewhat more roughly and for a longer time than was 
the case during adrenalectomy. The adrenals, however, were not removed 
Mach of the animals was experimented upon two davs after the sham operation, 
In each ease a Sth stage was observed, though the average height of the 5th 
stage was about 17 per cent of the initial contraction, definitely less than in 
the control series. 

Finally, a number of adrenalectomized cats were given daily intramusculsat 
injections of 0.5 to 2.0 mgm. of desoxvcorticosterone acetate (Percorten, Ciba 
Seven of these animals were experimented upon 2, 4,6 and 17 days after adrenal 
ectomy. In one of the seven, 6 days after operation, no 5th stage was observed. 
In the other 6, the 5th stage appeared at a normal time after the initial con- 
traction, the average height of the Sth stage being 26 per cent of the initial 
contraction, slightly less than in the control series. 

It appears, then, that the failure of the 5th stage to develop following adre 
nalectomy is the result of the adrenal cortical deficiency itself and not of the 
trauma incident to the operation, and that the defect can be corrected in large 
part at least by desoxycorticosterone. 

The question now arises as to the site of the failure of the 5th stage. Although 
the 5th stage has been shown by Rosenblueth and Luco (1939) to be a phe- 
nomenon of the neuromuscular junction, its failure to appear might of course 
result from failure of the muscle, of the junction, or of the nerve fibre. Although 
the skeletal muscles of adrenalectomized animals may fatigue more readily than 
normal it seems very unlikely that this could account for the non-appearance 
of the 5th stage. Muscles stimulated direetly are very resistant to fatigue com- 
pared to those stimulated through the motor nerve. Furthermore, in experi- 
ments such as ours in which the motor nerve is stimulated 60 times a second 
the tension of the muscle has ordinarily fallen practically to zero within the 
first half-hour, due to junctional fatigue. Since the muscle is subsequently 
protected from activity by this junctional fatigue it seems unlikely that the 


subsequent failure of the tension characteristic of the 5th stage to develop might 


result. from a disturbance in the muscle itself. Nevertheless it was felt: that 
experiments involving lower rates of stimulation might furnish some direct 
evidence regarding the ability of the museles of adrenalectomized animals to 
develop tension. First a series of 5 experiments was performed upon animals 
adrenalectomized 2 days previously, the stimuli being applied to the sciatic nerve 
at a frequeney of 2 per second. The contractions of the gastroenemius, plantaris 


and soleus were recorded as before. A normal muscle stimulated in this was 
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hows little or no fatigue in the first 8 or 4 hours. One untreated adrenales 

tomized animal lived 216 minutes after the beginning of stimulation at 2 per 
econd., After 3 hours the height of the recorded contraction still amounted to 
‘4 per cent of the orginal. Shortly later, however, the contractions began to 
lecrease rather sharply, the animal dving about half an hour dater. Of the 
remaining tour experiments, one continued only 70 minutes, the tension 

| hour having declined to 22 per cent of the original. Another continued 131 
minutes, the tension after 2 hours having declined to 14 per cent of the original 
In the other two, the animals were kept alive over three hours with the aid ot 
intravenous injection elucose-gelatin solution, the tension after 3) hours 
amounting to 2 per cent and 14 per cent respectively. 

Another series of four experiments was performed in which a stimulus tr 
queney of 80 per second was used. At this frequency in a normal animal, the 
tension after 3 hours is usually at least 40 per cent of the original. One ex 
periment performed 2 davs atter adrenalectomy lasted 210 minutes, the tension 
after 3 hours amounting to 12 per cent of the original. Another experiment 
lasted 155 minutes with a tension of 11 per cent of the original just a few minutes 
before death. In the other two experiments injections of glucose-gelatin were 
given in order to maintain an adequate blood pressure and prolong the experi 
ment. One of these lasted 161 minutes with a tension of 41 per cent of the 
original shortly before death. The other lasted 6 hours. The tension atter 3 
hours was 60 per cent of the original, after 4 hours 82 per cent, after 5 hours 13 
per cent and after 6 hours 4 per cent. 

In the experiments at 60 per second, after the 5th stage had failed to appear, 
turning off the stimulating current never resulted in a relaxation of the muscle 
amounting to more than 2 per cent of the initial contraction. Since in. the 
experiments at slower rates of stimulation a much higher tension was maintained 
until shortly before death, it appears that the very low tension observed in the 
G0-per-second experiments did not represent the maximal tension which the 
muscle itself was capable of developing, and that failure of the 5th stage cannot 
be attributed to inability of the muscle to contract. 

There remain junctional failure and nerve-fibre failure as possible explanations 
of the non-appearance of the 5th stage in adrenalectomized animals. Con 
sidering the much greater susceptibility to fatigue of the neuromuscular june 
tion the former possibility seems the more likely. However, Maes (1987) has 
shown that adrenalectomy in frogs results in a marked increase in the tatigability 
of nerve fibres and the possibility must be recognized that) such nerve-filre 


fatigue might account for the failure of the Sth stage. The final answer to the 


question must await nerve-action-potential studies in- adrenalectomized cats 


stimulated at 60 per second, 

The question may be raised whether the non-appearance of the Sth stage 
whatever its site, represents the direct effeet of withdrawal of the adrenal cortical 
hormone or whether it may be secondary to some other bodily change associated 
with cortical deficiency, e.g., a circulatory inadequacy. Lanariand Rosenblueth 
(1939) found that extensive dissection about the SUpeTLol cervical ganglion 


HAYDEN ¢ NICHOLSON, W. ». TAKAHASHI AND JUAY HONG 


resulted in a failure of the 5th stage of ganglionic transmission, a failure whi 
they attmbuted to “the unavoidable slight impairment of the circulation 

the ganglion,” suggesting that the Sth stage of ganglionic transmission \ 
rathen susceptible to slight alterations in blood supply. We studied the effe 
of hemorrhage upon the 5th stage of neuromuscular transmission and tound th 
in general the level of the 5th stage varied in the same direction as the blox 
pressure, and that it disappeared completely when the pressure tell below 

mg. Hg. This effeet is illustrated in figure 2. 


In the experiments upon adrenalectomized animals the blood pressure, whi 


itis ordinarily not far from normal at the beginning of the experiment, usual! 


hig. 2. Illustrating the effects of variations in arterial blood pressure produced by hemo 
rhage and reinjection upon the level of the 5th stage. Upper record, mechanical responss 
of muscle. Lower record, blood pressure by mercury manometer At A lowering the bloo 
pressure from 106 to 66mm. Hg lowered the 5th stage level 2 mm At B lowering the bloo 
pressure from 168 to 9S mm. lowered the 5th stage level 1 mm The 5th stage was abolishe 
by lowering the blood pressure to 30 mm. at C and restored by reinjecting defibrinate 
blood at D \t 1 the stimulating current was turned off At 2 it was turned on again 
Phe muscular contractions at 3 are due to inserting needle electrodes into the musele The 
powerful contraction at 4is due to direct electrical stimulation of the muscle at a frequency 


ot 60 per sec 


falls to a rather low level within the first 2 or 3 hours. In this connection, 


it may be significant that in the one experiment performed 2 days after adre 
nalectomy in which a 5th stage appeared, it began unusually early, only 87 
minutes after the initial contraction, Certainly as judged by the blood pres 
sure, the animals would appear to be much better able to support the tension 
characteristic of the 5th stage one and a half hours after the beginning of the 
experiment than three hours. Of the 6 experiments involving stimulation at 
60 per second which continued 210 minutes or more, in one blood pressure was 
not recorded. In another, the blood pressure was below 50 mm. the last two 


and a half hours. In the remaining t the lowest blood pressures observed were 
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blood 
pressure reached 56 mm., the lowest pressure recorded within the first 3 hours 


52, 56, 838 and 86 mm. Hg. However, in the experiment in which the 


vas 70mm. It appears then that in three of these long continued experiments 
he circulation as judged by the blood pressure level was fairly adequate beyond 
the maximal time of appearance of the 5th stage in the control experiments 
However, an adequate blood pressure does not necessarily mean an entirely 
adequate circulation, and of course there are other bodily changes resulting from 
adrenal insufficiency which might conceivably account for the failure of the 5th 
stage to appear, e.g., alterations if electrolyte concentrations. Further infor 
mation might be provided by studies involving adrenalectomized animals on a 
high sodium, low potassium diet. 

Finally, it may be asked whether the fact that the 5th stage was obtained 
in animals treated with desoxycorticosterone indicates that this substance 
represents a hormone specifically involved in the development of the 5th stage, 
or whether the 5th stage appeared simply because of the improvement in the 
general condition of the animals. We are unable to answer these questions. 


SUMMARY 


The response of muscle to motor nerve stimulation at a frequency of 60 per 
second was studied in normal anesthetized cats and in anesthetized cats whose 
adrenals had been removed from 24 to 48 hours previously. At this frequency 
of stimulation, the height of the initial contraction and the rapidity of onset of 
fatigue are not significantly different in the normal and the adrenalectomized 
animals. Such cortical adrenal insufficiency, however, prevents or seriously 
impairs the development of the 5th stage of neuromuscular transmission. This 
defect is in large measure corrected by desoxycorticosterone acetate. 

Experiments involving stimulation at frequencies of 2 per second and 30 
per second show that at these frequencies fatigue occurs more rapidly in the 
adrenalectomized than in the normal animals, but not rapidly enough to account 
for the failure of the 5th stage on the basis of contraction fatigue. 

The possibility that the failure of the 5th stage to develop may be secondary 
to other effects of adrenal insufficiency such as a circulatory inadequacy is 
considered. 


We wish to thank Dr. W. B. Cannon for suggesting this problem, for providing 
facilities for its investigation, and for his helpful advice during the progress of 
the experiments. The aid and advice of Dr. A. Rosenblueth, Dr. Ik. W. 
Dempsey, and other members of the Department of Physiology in the Harvard 
Mecical School are also greatly appreciated. 
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Changes in the size of the kidney of laboratory animals after the administra- 
tion of various steroid hormones have been reported. Korenchevsky and his 
associates have shown that castration reduces the kidney weight of male rats, 
that male hormones restore the kidney weight of castrates to normal and that 
in intact rats, kidneys above the normal weight may be produced by the admin- 
istration of testosterone (15, 16, 17, 18, 19). The same effects have been 
demonstrated in mice (23, 24) and the work on rats has been confirmed (20). 
That the gain is not simply due to water is shown by observations that dry 
weights are likewise increased (20). It has also been shown that testosterone 
increases the hypertrophy of the remaining kidney after unilateral nephrectomy 
(21), diminishes renal atrophy after unilateral ureteral ligation (27), and affords 
some protection against mercuric chloride poisoning (26). 

The renal hypertrophy in response to the androgens appears to be localized 
chiefly in the tubules, although some glomerular effects have been noted. In 
rats, both cells and lumina are inereased in size (19). In mice, structural 
changes also occur in the glomerulus, consisting of a replacement of the flat 
cells of the parietal lamina of Bowman’s capsule by cuboidal cells of the type 
found in the proximal tubules (4, 24). Such cuboidal cell capsules are known 
to be present in small numbers even in the kidneys of untreated mice, particu- 
larly during pregnancy, but their proportion is greatly increased by testosterone 
injections (5). 

Other hormones seem also to have some effect on the kidney, for changes in 
renal weight have been reported to follow treatment of rats with estrogens 
(14, 19, 20) and desoxyeorticosterone (6, 20). The compensatory hypertrophy 
of the remaining kidney after unilateral nephrectomy in dogs (37) and in rats 
(22) is prevented by hypophysectomy. 

A decline in sodium excretion and in urine volume occurs in men and women 
after testosterone administration (10), but this effect is reported to be slight or 
absent in dogs (34). A diminished excretion of potassium, inorganic phosphorus 
and nitrogen is, however, a well defined effect of testosterone propionate admin- 
istration in both man and the dog (10, 11, 12, 18, 34). After discontinuation of 
androgen administration in man, sodium, chloride and water are rapidly lost; 


potassium and inorganie phosphorus more slowly, while nitrogen is apparently 


stored for several weeks (10). The retention of nitrogen and potassium have 
been interpreted as evidence of the formation of new tissue. 
1 This study was made with the aid of a grant from the Commonwealth Fund. 
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The decreased excretion of sodium and potassium suggest that the androgens 
may affect also the specific reabsorptive power of the renal tubules. This view 
seems in accord with the conclusions reached by Durlacher, Darrow and Winter- 
nitz (6), who after studying the effects of high and low potassium diets on renal 
size, Suggested that the renal hypertrophy which follows adrenal cortical hor- 
mone administration is caused by the increased tubular reabsorption of the 
potassium ion. The only functional study of tubular activity in relation to 
endocrine control thus far available is, however, that of White, Heinbecker and 
Rolf (85, 36) who report that after hypophysectomy in dogs, diodrast ‘Tm is 
markedly reduced with a concomitant reduction in filtration rate and renal 
blood flow. 

Diodrast Tm (the maximal rate of diodrast excretion by the renal tubules 
under conditions of saturation) represents one aspect of tubular function which 
is amenable to precise measurement (30). This paper is a report on the effects 
of testosterone propionate on this function in the female dog. Observations 
were also made on the creatinine clearance (filtration rate) and diodrast clear- 
ance (effeetive renal plasma flow) (29). Quantitative methods of evaluating the 
tubular reabsorption of potassium and sodium are not yet available, and so our 
observations on these substances have been confined to the total 24-hour urinary 
excretion rate. 

Merrnuops. Three young female dogs, each of which had had one litter, were 
used. In each dog a series of control observations was followed by a period 
during which testosterone propionate was administered daily. Observations 
were continued during a recovery period after the hormone was discontinued. 

Water was given by a stomach tube about one and a half hours before the 
beginning of the renal clearance periods to insure an adequate urine flow. 
Creatinine and diodrast were administered intravenously, first im a priming 
dose then in a constant intravenous infusion with 7.5 per cent mannitol in dis- 
tilled water. Blood samples were drawn at intervals and plasma levels of 
creatinine and diodrast for the midpoint of each period were taken from a curve 
drawn from the observed values. The general level of plasma concentrations 
in different experiments ranged from 12 to 40 mgm. per cent creatinine, 1.2 to 
3 mgm. per cent diodrast during the clearance measurement, and 17 to 57 mgm. 
per cent during Tm measurement. The blood levels for any one experiment 
varied little from period to period. 

The first urine collection period was begun twenty to thirty minutes after 
the infusion had been started. Urine was collected by catheter, air being used 
to empty the bladder at the end of each period. ‘The bladder was washed out 
with distilled water only in those periods during which the urine flow was low. 
Three to four urine collection periods were run for creatinine and diodrast 
clearances and three to five periods for diodrast ‘Tm. 

In one dog the changes in diodrast Tm after testosterone were correlated with 
alterations in the daily urinary excretion of sodium and potassium. ‘This animal 
was placed on a standard diet and all urine collected for a seven-week control 
period and twelve days of hormone administration. The diet consisted of 
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cracker meal, meat Juice powder, yeast, milk powder, vegetable oil, cod liv: 
oil and salt mixture. The food was prepared for one week at a time, carefull) 


mixed, and divided into eight daily portions of equal weight. The eighth portion 


was analyzed for sodium and potassium each week, the analyses from week to 
week being found in close agreement. Urine was collected by catheterization 
twice daily, each 24-hour period ending after the morning catheterization 
After the late afternoon catheterization, the pan on the floor of the cage was 
changed and any urine excreted during the night was collected in a bottl 
beneath the cage. 

Diodrast Tm was calculated as UV — FWP)Ccr, where UV is the total rate 
of diodrast excretion, Py the plasma level of diodrast, Cer the creatinine clear- 
ance and FW the free, filterable diodrast as read from Py and plasma albumin 
in the nomograph of Smith and Smith (31). Plasma creatinine and diodrast 
iodine were determined on cadmium filtrates (8), creatinine by the Folin 
and Wu method (7) and diodrast iodine by the Alpert method (1). Plasma 
albumin was determined by a modification of the Howe (9) method. Sodium 
was determined in urine and plasma gravimetrically by the uranyl zine acetati 
method of Butler and Tuthill (3), the plasma samples being ashed with sulphuric 
acid in a muffle furnace at 500°C. Potassium was determined by the Brodie 
and Studenski (2) modification of the Shohl and Bennet (28) chloroplatinate 
method, and read colorimetrically on an Evelyn photoelectric colorimeter accord- 
ing to Tenery and Anderson (32). Both urine and plasma were prepared for 
analysis by ashing with sulphuric acid in a muffle furnace at 500 to 550°C. 

The dose of testostergne propionate? to be used in the dog experiments was 
obtained by preliminary tests upon mice to find the minimum amount required 
to produce hypertrophy of the kidneys. It was found that a dose of 0.1 mgm. 
of testosterone propionate daily for nine days produced the same degree of 
hypertrophy of the mouse kidney as did a dose of 0.69 mgm. daily for sixteen 
days. The dry kidney weight in each of these groups was 26 per cent above 
the kidney weights in the control group. A dose of 0.05 mgm. daily for nine 
days, however, resulted in an increase of only 18 per cent in dry kidney weight. 

To give a dose of testosterone in the dog comparable by weight to that which 
produced apparently maximal effects in mice would have required about 40 
mgm. daily. To allow for possible species differences in susceptibility, 100 
mgm. was chosen as a daily dose which might be expected to produce measurable 
effects. The substance was administered subcutaneously in 4 ee. of sesame 
oil. The total amounts given in any series of experiments varied from 600 to 
2,100 mgm. Renal clearances were determined in the morning before the daily 
testosterone injection so that twenty to twenty-four hours had always elapsed 
between the last dose of testosterone and the running of any renal function test 

Resuutrs. The data on renal clearances, diodrast Tm and clearance ratios 
are summarized in table 1 in relation to the duration and amount of testosterone 
propionate administered up to the time when a particular observation was made. 

2 Crystalline testosterone propionate ‘“Oreton’’ was supplied through the courtesy of 
Dr. Max Gilbert of the Schering Corporation, 
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Glomerular filtration rate. The creatinine clearance was unaffected by testo- 
sterone propionate although, as is usually true of this test, variations from day 
to day are evident. The variation during the two periods of therapy is no 
greater than during the control periods. 

Effective renal blood flow. No immediate effect on the diodrast clearance 
followed the administration of testosterone. The diodrast clearance in dog T2 
was fairly constant throughout, while in dog F1, observed over a longer period, 
the clearance varied over a wide range. It is of possible interest that all of the 
diodrast clearances in this dog, observed after the end of the first series of injec- 


tions, were lower than those observed before testosterone was given. The clear- 


ance in the two injection periods did not, however, differ significantly from the 
value observed in the preceding control periods. 

Diodrast Tm. The outstanding effect of testosterone on the kidney was the 
striking increase which invariably took place in diodrast Tm (fig. 1). The fall 
in Cer/Tmpy and in Cp/Tmp ratios result solely from the increase in the dio- 
drast Tm. 

Dog F1. The control period in dog F1 was complicated by the appearance 
of estrus. <A single high level of diodrast Tm was observed at this time, which 
may have been associated with intrinsic hormonal changes. Two control ob- 
servations made later were at a lower level. The highest values of diodrast Tm 
reached during testosterone administration were but little above the single high 
figure obtained during estrus, but were 44 per cent higher than the two control 
figures found immediately before the injections were begun. After a three 
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months’ rest period, the original low control levels had not been reached. A 
second series of injections now produced a further increase in diodrast ‘Tm, 
which reached 41 per cent above the levels immediately preceding the second 
test period and 88 per cent above the original lower control figure. 

Dog T2. The response of the diodrast Tm in this dog was still greater, for 
the highest figures obtained were more than double the control. 

Dog S83. In the third dog it was decided to follow the rise in diodrast ‘Tm 
from the beginning of hormone treatment. Accordingly, diodrast Tm was 
measured daily, beginning twenty-four hours after the first injection. Twenty- 
four hours after a single dose of 100 mgm. it had risen 34 per cent; after 200 
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Fig. 1. Diodrast Tm in control periods, during testosterone administration 
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mgm. it had risen 46 per cent; after 300 mgm. the diodrast ‘Tm was more than 
twice the control value. Beyond this point no increase occurred, for after 400 
mgm. and 600 mgm., respectively, the value was close to that found after 300 
mgm. Apparently the maximum increase in diodrast ‘Tm had occurred after 
300 mgm. had been given, or seventy-two hours after the first dose 

Rate of recovery. The fall in diodrast Tm after suspension of treatment may 
be rapid, or its final return to normal may take some time. No observation 
were made early in the recovery period after the first experiment in dog FL. 
However, three months later her diodrast Tm was almost as high as it had been 
when she was getting testosterone. The first observation after her second series 
of injections was made on the tenth day, at which time diodrast ‘Tm was little 
above the control level. On the third day of the recovery period in dog T2 
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diodrast Tm had fallen very little but by the seventeenth day it was slightlh 
below the control level. In dog 83, the first observation was made on the tent! 
day of the recovery period, when diodrast Tm had fallen slightly. Observations 
on the twenty-second and forty-ninth days after the last injections of testo 
sterone gave values still slightly above the control figures. 

Sodium and potassium. The average daily excretion of sodium and potassiun 
in dog F1 is given by weeks in table 2. It is evident that the output of both 
sodium and potassium decreases after the administration of testosterone pro- 
pionate and the increase in diodrast Tm. 

The average daily excretion of sodium during the first week of testosterone 
administration was 0.695 gram, and for the next five days 0.527 gram. Thes 
figures are not only lower than the average for the previous seven weeks, which 
was 0.834 gram, but significantly less than for any single week of the contro! 


TABLE 2 
Average daily excretion of sodium and potassium ina seven-week control period and a period « 


twelve days after testosterone administration 


AVERAGE EXCRETION AVERAGE EXCRETION 

NUMBER IN GRAMS OF IN GRAMS OF AVERAGE WEIGHT 

OF DAYS SODIUM IN POTASSIUM IN GAIN IN 24 HOURS 
24-HOUR URINE 24-HOUR URINE 
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ontrol 
ontrol 
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sstrus 
strus 


Testosterone 


Testosterone 


period. Similarly, the average daily excretion of potassium for the first week 
after testosterone was 0.622 gram and for the following five days 0.626 gram, 
while the average daily amount for the control period was 0.856 gram. 

Changes in body weight during the four experiments are given in table 3. 
There was an average daily increase in weight during treatment which ranged 
from 0.036 kgm. to 0.083 kgm. The weight gain began from one to three days 
after the first dose and reached its maximum on the tenth, twentieth, eleventh 
and fifth days in the four experiments, respectively. 

Blood counts done in the control period and toward the end of the testosterone 
period, did not significantly differ. Neither protein nor abnormal amounts of 
cellular elements in the urine were ever noted. Blood pressure readings by the 
indirect palpation method, using a small cuff on the hind leg, were taken at 
intervals during the control period, while testosterone was being given, and at 
intervals during the recovery period. Up to four months, three months and 
two months, respectively, after the administration of these large doses of testo- 
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sterone, the blood pressure in the three dogs was unchanged. Although several 


leterminations of 17-ketosteroids were made on 24-hour urine collections, no 
significant increase in the excretion of these substances was notable during the 
periods of testosterone administration. 

Discussion. ‘Testosterone propionate has apparently no effect upon either 
the glomerular filtration rate or the effective renal blood flow in the dog. The 
hormone does, however, cause a marked increase in diodrast Tm, revealing an 
increased functional capacity in the renal tubules to excrete diodrast. In conse- 
quence of the increase in diodrast Tm, the relative filtration rate (Cer; 7mp 
and relative renal plasma flow (Cp/ Tm») per unit of functional tubular tissue 
are redueed. A similar fall in Cer/ Tm, and C,/Tm, has been observed in a 
woman after unilateral nephrectomy, when a gradual increase in diodrast ‘Tm 
was not accompanied by similar increase in filtration rate or effective blood flow 
unpublished data). 

In spite of the decrease in effective renal blood flow per unit of functional 
tubular tissue to a value as low as one half of the control value, there was no 


TABLE 3 


We ight gain during testosterone administration 


| WEIGHT GAIN 


elevation in blood pressure. It is possible that the time during which this ab- 
normally low ratio, indicative of relative renal ischemia, existed was too short 
to produce hypertension. It is by no means certain that the effeet of testo- 
sterone on the kidney is of benefit. Indeed, increasing diodrast Tm without 
increasing the blood flow to the tubules might serve only to produce or aggravate 
renal ischemia. With this point in mind, the injection of testosterone to one 
of these dogs is being continued for an indefinite period of time. 

The increase in the kidney’s maximal capacity to excrete diodrast does not 
necessarily imply an augmentation of other tubular functions. The observed 
decrease in the excretion of sodium and potassium does, however, suggest the 
possibility that testosterone administration is followed by a greater reabsorption 
of these ions as a result of hypertrophied or hyperfunctioning tubules. 

The rise in diodrast Tm may be dependent upon an actual hypertrophy of 
the renal tubules, or it may be based on an increase in function only. Evidence 
derived from other animals, notably mice and rats, shows that actual tubular 
hypertrophy does occur after testosterone. However, the maximal increase in 
mouse kidney weight which has been observed is about 30 per cent, a figure 
considerably less than the 100 per cent increase in diodrast ‘Tm noted in dogs. 
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The rapidity of the rise in diodrast Tm does not exclude the possibility « 

tubular hypertrophy for enlargement of the uterus in response to estrogens occu! 

as quickly. Changes in the electrolyte pattern of the rat uterus are present 
within 24 to 48 hours, a fact which has been offered as evidence for the ney 
formation of protoplasm (32). Finally, it must be noted that the proportion 
of potassium in relation to sodium retained during testosterone administration 
is too high to permit the assumption that weight gain was simply due to an 
increase in extracellular fluid. The retained potassium noted here and thi 
nitrogen retention of other reports (10, 11, 12, 13) point strongly to the forma- 
tion of new tissue, a part of which at least may be represented by tubular 
hypertrophy. 


CONCLUSIONS 


1. A rapid rise in the maximal capacity of the kidney to excrete diodrast 
(diodrast Tm) occurs in the dog following the administration of testosterom 
propionate. This increase in diodrast Tm may amount to 100 per cent. 

The change in diodrast Tm is reversible but the time required for original 
values to be reached varies greatly. 

The rate of glomerular filtration (creatinine clearance) and effective rena] 
blood flow (diodrast clearance) are unaffected by testosterone propionate. 

The increase in diodrast Tm is accompanied by a reduction in the urinary 
excretion of sodium and potassium. 
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FACTORS WHICH INFLUENCE THE ACTIVITY OF PURIFIED 
THROMBIN! 


WALTER H. SEEGERS anp H. P. SMITH 


From the Department of Pathology, College of Medicine, State University of Iowa, Iowa ( 
teceived for publication May 18, 1942 


It is known that the action of thrombin on fibrinogen is affeeted by tempers 
ture, pH, colloids, and by the presence of certain electrolytes. There has neve: 
been any correlated study of these variables. Furthermore, the older studi 
of isolated variables were carried out with crude mixtures, weak in thrombin 
and heavily contaminated with antithrombin. We have been able to avoi 
the latter obstacle by the use of fibrinogen and thrombin which were carefull, 
purified and highly reactive. In addition, identical preparations were used t: 
test each of the variables listed above, thus making it possible to judge th« 
relative importance of each. We propose to discuss the theoretical implications 
of these findings, and also to point out their application to various technics for 
the assay of thrombin. 

Figure 1, curve /, shows the clotting time of standardized fibrinogen solution 
as related to thrombin concentration. The amount of thrombin required to 
clot 1 ee. in 15 seconds at 28°C. is defined as a unit of activity. The solution 
gives clotting times identical to those obtained with the solution required in ou 
2-stage prothrombin method (1, 2); consequently, when prothrombin conversion 
is complete a unit of prothrombin is equivalent to a unit of thrombin. 


Che curve obtained (curve 1) resembles a rectangular hyperbola( 7 << 


thus implying inverse proportionality between thrombin concentration, 7, and 
clotting time, ¢. This ‘tlaw’’ has been cited by many of the older workers, and 
more recently by Quick (3). Calculations show, however, that the experimental 
points deviate considerably, with the use of the best fitting value of the con- 
stant, A. It is only in the middle segment that the correspondence is satis- 
factory. 

It is agreed that the caleitum ion plays an important réle in the formation 01 
thrombin, but there is no agreement regarding its importance in the second 
phase of clotting. Many have insisted that it does not affect the clotting of 
fibrinogen by thrombin, but others maintain that complete removal of the 
ionizable calcium destroys the thrombin action altogether. Our own experience 
lies between these two extremes. Figure 1, curve 2, represents results obtained 
when calcium was omitted, and oxalate was added instead. The clotting times 
are obviously much longer. To produce a clot in 15 seconds, almost twice as 
much thrombin is now needed. At other comparable clotting times, the dis- 
crepancy between the two curves is equally great. In attempting to remove the 

1 Aided by a grant from the John and Mary R. Markle Foundation. Funds were also 
supplied by the Graduate College, State University of Iowa, and by Parke, Davis and 
Company, Detroit. 
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calcium by other means, we have resorted to prolonged dialysis, electrodialysis, 


and to the use of larger amounts of oxalate. Our experience has been that 


STANDARDIZED FIBRINOGEN 
STANDARDIZED FIBRINOGEN OXALATED 
OXALATED BEEF PLASMA 


OXALATED BEEF PLASMA DILUTED 5- FOLD 


CLOTTING 


! 2 3 a 5 6 7 8 
UNITS OF THROMBIN IN FINAL CLOTTING MIX TURE 


Fig. 1. Clotting time and thrombin concentration. Curve 1. a. Fibrinogen prepared 
in 5°C.-room. To 900 ec. oxalated plasma (see below) add 90 ce. Mg(OH). suspension (2) 
Centrifuge. This removes prothrombin. To the supernatant plasma, add 240 ce. cold 
saturated (NH,).SO,, fortified with 0.3 per cent KeC.0O,-H.O. Centrifuge and dissolve 
precipitate in 900 ee. oxalated saline (0.885 per cent NaCl + 0.092 per cent KeC.O,4-H.0), 
add cold saturated (NH4)oSO, solution slowly The first floccules which appear contain 
much denatured protein. These are eliminated in the centrifuge. To supernatant fluid 
continue adding (NH,4)oSO, until a total of 315 ec. have been added Centrifuge, dissolve 
precipitate in 90 ec. oxalated saline and dialyze against latter for 3 hours at 5°C 

b. Acacia. To remove calcium add an excess of KeC.O, to a 5 per cent solution of com 
mercial acacia and allow to stand over night. Heat and centrifuge while hot 
to remove excess oxalate. The acacia is precipitated and dried with alcohol \t 
salt facilitates precipitation. Prepare a 15 per cent solution in 0.9 per cent NaCl 

c. The clotting mixture consists of 0.335 ec. saline (0.9 per cent NaCl) + 0.066 ce. 1.0 per 
cent CaCl + 0.133 ce. acacia + 0.666 ec. imidazole (7) solution + 0.20 cc. fibrinogen 
+ 0.20 ce. thrombin solution of variable strength (in 0.9 per cent NaCl). From the 
curve and from the dilution factors, the unit strength of the thrombin is calculated 
Xx Curve 2 is identical to curve 7 except that 0.134 ec. of saline and all of the calcium solu 
tion was omitted. In their place 0.20 ec. KeC.O, (1.85 per cent) was added 

Curve 3. Mix 7 vol. bovine blood with 1 vol. (1.85 per cent). Centrifuge 
To 0.9 ec. oxalated plasma add 0.1 ec. thrombin of variable strength (in 0.9 per cent NaCl) 

Curve 4. Same as curve 8, except that the oxalated plasma was first diluted 5-fold with 
oxalated saline (see above). 


sometimes the loss of activity is somewhat greater, but often the loss is less. 
Complete inactivation never results from any of these procedures. 
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The mechanism by which the calcium augments the activity of thrombin i 
still obseure. In addition to caleium ion, it is possible that calcium, in non 
ionized form, is an integral part of the thrombin molecule. Analyses for caleiun 
can be considered significant only if the preparation is pure, or nearly so. Pub- 


lished analyses for calcium are based upon thrombin which is less than 5 pe: 


cent as potent as ours, which itself is not pure (4). It is thus evident that no 
no one can state with certainty whether or not pure thrombin would contain 
bound caleium. 

When thrombin is added to oxalated plasma of the same species (fig. 1, 
curve 3) the clotting time is definitely slower than when a standard mixture ot 
purified fibrinogen is used; in fact, 2.25 units of thrombin were required to 
produce a clot in the standard 15-second interval. The sluggish clotting is du 
only in part to oxalation (see curve 2). No doubt the antithrombin of the 
plasma is also, in part, responsible. In an effort to reduce the effectiveness ot 
the antithrombin, the plasma was subjected to 4-fold dilution with oxalated 
saline as a preliminary measure. This corresponds very closely to the “‘diox- 
alated’’ test plasma emploved so extensively by Bordet (5) and his followers 
The result of dilution was disappointing, however (curve 4)... The diluted plasma 
clotted even more slowly than the undiluted plasma. Certain implications oj 
this will be discussed Jater. 

Figures 2A to 2D show the effect of several variables upon the activity ot 
thrombin. In each figure an arrow is used to indicate the level specified as 
standard in defining the thrombin unit. These chosen levels are the ones at 
which clotting occurs at the standard 15-second interval. At other points on 
the curves larger or smaller amounts of thrombin were required to duplicate 
this 15-second end-point. These variable thrombin values, shown in the charts, 
indicate the extent to which thrombic activity is affected by deviation from thi 
standard condition. 

In the case of temperature, the standard 15-second interval is obtained at 
28°C. At 5°C. retardation is quite marked; the amount of thrombin required 
to cause a clot in 15 seeonds is six times as great as at 28°C. 

At high temperatures, the clotting efficiency levels off at about 50°C. Beyond 
this point denaturation occurs even during the brief interval required for assay. 
Results published elsewhere (6) show denaturation at temperatures as low as 
10°C. In the case of many enzymes, the period of assay is quite long and 
denaturation is therefore conspicuous in the region of 40°C. This offsets the 
improved catalysis, leading to a so-called ‘optimum’ at this temperature. In 
the case of thrombin the period of assay is quite brief, but at about 50°C. both 
thrombin and fibrinogen show denaturation in the brief period of assay, and the 
clotting efficiency suffers correspondingly. 

Neutral electrolytes exert effect upon the conversion of prothrombin into 
thrombin, and upon the reaction between the latter and fibrinogen. When the 
electrolyte level is reduced to about 50 per cent of the normal physiological 
level, there is a decided increase in the clotting power of thrombin (fig. 2B). 
On the other hand, when the concentration of NaCl is increased from 0.9 per 
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cent to the level of 1.5 per cent, the activity of the thrombin is reduced by 
approximately 50 per cent, and at the level of 2.5 per cent NaCl, 5 units of 
thrombin are required to produce the effect normally given by 1 unit. In 
making studies on blood coagulation, the problem of neutral electrolytes is 
commonly ignored. We suggest that clotting mixtures be kept isotonic with 
respect to 0.9 per cent NaCl. Specific effects can then be assigned to each 
component in the mixture. 

The effect of pH upon the second phase of clotting is shown in figure 2C 
We have selected the pH level of 7.2 to 7.5 as standard in the definition of the 


thrombin unit. To regulate the pH at this level, imidazole butfer is suitable 


UNITS OF THROMBIN 
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UNITS OF THROMBIN 


pH OF MIXTURE 
2.5 8.5 6.5 


Fig. 2. The effects of temperature, NaCl, pH and acacia on thrombic activity Phe 


composition of the clotting mixtures was analogous to that of curve J, figure 1 All values 
refer to the final clotting mixtures. Those given on the ordinates refer to the amount of 
thrombin required to form clots in the standard 15-second interval, 


(7), for it does not bind calcium or interfere in any known way with the clotting 
reaction. Figure 2C shows that regulation of pH need not be especially precise, 
for optimum speed of clotting is observed throughout the entire zone of pH 6.8 
to 8.5. Beyond these two points, clotting is markedly impaired, and denatura- 
tion of thrombin is observed beyond pH 4.5 and pH. 10. 

Early in the work of this laboratory it was found that fibrinogen preparations 
appeared to lose much of their clotting reactivity in the course of preparation. 
At first, this was attributed to denaturation. It was found, however, that the 
reactivity could be restored and stabilized by adding any one of a variety of 
colloids. Acacia proved to be highly effective. The quantitative aspects of 
this problem have not been recorded heretofore, but are now presented In 
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figure 2D. The inclusion of 2 to 6 per cent of acacia in the clotting mixture 
increases the sensitivity at least 4-fold. Larger amounts, however, depress the 
reaction rate. 

In the case of whole plasma, the colloid content is almost optimal for the 
clotting reaction. The addition of acacia to oxalated beef plasma increases its 
sensitivity to thrombin only moderately. When oxalated plasma is diluted with 
oxalated saline, the reactivity is markedly decreased as noted already (fig. 1, 
curve 3). We believe that this loss of sensitivity is associated mainly with dilu- 
tion of the colloids, for the addition of acacia to the extent of 2 per cent restores 
the clotting speed almost completely. 

In the assay of thrombin, many of the earlier workers employed oxalated 
plasma instead of purified fibrinogen. As a rule, the results were expressed in 
terms of the variable clotting time. Warner ef al. (1), using purified fibrinogen, 
were the first to propose that assay be based upon a fixed clotting time, thus 
providing a definite thrombin unit. More recently, Astrup and Darling (8) 
adopted the unit basis of expression. Their unit is the amount of thrombin 
required to clot 1 ce. of oxalated plasma in 30 seconds. Ice cooled oxalated 
plasma is mixed with thrombin and ‘the tube is placed quickly in a water bath 
at 37°C. and the clotting time is determined.” It is obvious from this that the 
effective temperature is at some indeterminate point between 0 and 37°C. 
This variability is unfortunate since, as we have shown, the temperature gradient 
is quite steep between these two points. If one could assume the measurement 
to be essentially at 37°C., their unit would be smaller than ours on account of 
temperature (37 vs. 28°C.). On the other hand beef plasma requires 1.3 of our 
units (fig. 1) for clotting in 30 seconds and this tends to make their unit the 
larger one. These two variables neutralize each other almost exactly and we 
conclude that a 37°C. oxalated plasma unit is almost identical to our 28°C. 
fibrinogen unit. In attempting to duplicate their experiments with ‘ice cooled” 
plasma, we found their variable temperature unit to be 40 to 50 per cent larger 
than ours. 

In the assay of thrombin—in fact in all work on blood clotting— one must 
recognize the fact that new and complex problems may arise from the admixture 
of clotting factors of different species. This problem has never been studied 
with purified preparations, but the following experiments will illustrate the 
general nature of the problem as it pertains to thrombin. 

When 2 units of thrombin (0.1 e¢.), prepared from bovine plasma, were mixed 
with oxalated human plasma (0.9 ee.) at 28°C., a clot formed in 15 seconds 
(table 1). When the same thrombin preparation was mixed with oxalated bovine 
plasma, or with plasma from the rabbit, approximately 2.2 to 2.5 units were re- 
quired to form a clot in the 15-second interval. Far more remarkable was the 
fact that 5 units were required to clot canine plasma at this rate. In the cases 
of plasma from the pig, 8 units were required, and when plasma of the rat was 
used, 10 units were needed. In the case of chick plasma, even more thrombin was 


required. There is no reason to believe, however, that the various types of 
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fibrinogen are fundamentally different in their reaction to bovine thrombin. 
In fact, fibrinogen, prepared in purified form from the plasma of the pig reacted 
as promptly to bovine thrombin as did the purified fibrinogen of bovine origin. 
It seems clear that other components of the various plasmas have a marked 
effeet in determining the speed with which the fibrinogen and the thrombin 
interact. In conformity with this view is an observation that 10 units of 
thrombin clotted bovine plasma in about 5 seconds, even when the latter was 
diluted with equal parts of saline. However, when this same bovine plasma was 
diluted with equal parts of chick plasma, 70 seconds were needed for clotting 
It is evident that the chick plasma exerted a strong specific inhibitory effect in 
preventing bovine thrombin from clotting the bovine fibrinogen which was 
present in the mixture. 

In seeking an explanation for these examples of inhibition, we suspected at 
first that the antithrombin content of plasma might differ markedly from one 
species to another, but preliminary studies made by incubating the various 


TABLE 1 

Units of purified beef thrombin re qu red to clot 1 cc. oxralated plasma n 15 seconds at aa 

SPECIES UNITS 
Human » () 
Rabbit 2.2 
Beef 2.2-2.5 
Canine 5.0 
Pig 
tat 10.0 
Beef + 2.7 per cent acacia 0.95 
Pig - 2.7 per cent acacia 


plasmas with bovine thrombin failed to reveal any marked differences in rate 
of thrombin destruction. We have as vet not tried to study these species differ- 
ences with thrombin prepared from other species. It is possible that precipitin 
like reactions which occur between sera of different species are responsible for 
interference with the clotting reaction. In connection with the solution of this 
problem there is an interesting experimental fact. If acacia is added to pig 
plasma to the extent of 2.7 per cent it is possible to clot 1 ce. of the plasma with 
only 1.1 units of beef thrombin (table 1). This involves an 8-fold reduction in 
the amount of thrombin required. If one performs the same experiment with 
beef plasma, the amount of thrombin required changes from 2.5 to 0.95 units 
In other words acacia is of benefit within the same species, and it also tends 
even more markedly to obliterate the striking difference between species. 

In conclusion, we wish to suggest that efforts at the assay of thrombin be 
accompanied by specific use of unit terminology, and that cross-correlation be 
made with technics of other workers. In many cases it should be sufficient to 
obtain data with oxalated plasma of the same species. 
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SUMMARY 


_ A correlated study has been made of a number of factors which affect the 
action of thrombin on fibrinogen. Under standardized conditions the clotting 
time is inversely proportional to thrombin concentration, though the corre- 
spondence to a simple formula is far from exact. Curves are given to show the 
effects of temperature, electrolyte concentration, pH, and colloid content of the 
clotting mixture. Thrombin prepared from bovine plasma does not clot pig 


plasma as well as it clots bovine plasma. However, purified fibrinogen of the 
two species is clotted with equal ease. The inhibition is thus due to inhibitory 
reactions, not to fundamental incompatibility of thrombin of the one species 


for the fibrinogen of the other. Suggestions are made regarding the funda- 
mental principles to be followed in the assay of thrombin. 
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Blalock (1), Best and Solandt (2), and more recently Mahoney (3) have 
studied the treatment of traumatic shock in dogs. Blalock (1) infused severely 
traumatized animals with crystalloid solutions. Best and collaborators (2) 
found pituitrin followed by an adequate quantity of hypertonic serum an effec- 
tive form of treatment of shock. In Mahoney’s experiments plasma did not 
restore traumatized animals infused 7 hours after trauma (3). 

We were interested to study the effects of rapidly induced trauma to muscle 
and bones, and to investigate whether the prompt infusion of isotonic serum 
would prove efficacious in the treatment of this condition. To our knowledge 
there is no convincing evidence in the literature which answers this question. 

Mertrnops. Normal healthy dogs were starved for twenty-four hours; water 
was not withheld. The animals were anesthetized with sodium pentobarbital. 
A cannula was inserted in the carotid artery for sampling and for recording of 
blood pressure with heparin as anticoagulant, and one femoral vein was cannu- 
lated. Circulating time was estimated by the sodium cyanide method (4), 
plasma volume by the method of repeated intravenous injections of the blue dye 
T-1824 (5), plasma proteins by the falling drop method of Barbour and Hamilton 
(6), and plasma COs, of arterial blood by the Van Slyke and Neill manometric 
technique. After a suitable control period, during which all determinations 
were performed, trauma was applied to one lower extremity. <A critical condi- 


tion of the animal was assumed to exist when blood pressure had dropped to 50 
mm. Hg and remained at that level for 10 minutes or longer. After trauma, 
determinations were repeated at stated intervals. 


We are not stating that our animals were in a sufficiently grave degree of shock 
to satisfy every worker in this field (7). However, all our untreated control 
animals died rapidly in what seemed to be terminally an irreversible condition 
of shock. Prior to this, their condition was critical enough for the purpose of 
testing the value of restorative fluids and, by carefully following the physical 
and chemical determinations before and after infusions, certain definite conclu- 
sions could be drawn. If we were to accept the extreme opinion that shock must 
be an irreversible state leading to death (7), all work on the therapy of shock 
would be useless. 

We have not been able to standardize the amount of trauma administered. 
This conforms with the observations of others (7). The size of the animal, 
strength and position of different structures, and individual resistance seem to 
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make standardization impossible. We employed a constant weight dropped on 
the middle of the left thigh from constant height at constant intervals. The 
number of blows necessary to reduce blood pressure to 50-60 mm. Hg in a group 
of 15 dogs of approximately the same weights varied as follows: 92, 116, 142, 166, 
167, 178, 179, 205, 246, 355, 389, 429, 431, 530 and 987. We therefore resorted 
to administering a number of blows sufficient to reduce blood pressure to 50 mm. 
for a period of 10 minutes or longer, thus accepting low pressure as a preliminary 
indication of a serious condition of the animal and later correlating this with all 
the other more time-consuming determinations performed. 

For the determination of the concentration of T-1824 in the arterial blood the 
spectrophotometer was used, employing a wave length of 620 millimicrons. 
The log of transmission was directly proportional to the concentration of the dye 
in plasma within a range of 10 to 60 mgm. per cent in the plasma T-1824. Follow- 
ing the injection of the dye its concentration in the arterial blood of the normal 
dog was constant after 4 minutes, and remained so for two hours and longer. 
In the traumatized animal with a blood pressure of 50 mm. and a circulating time 
of 41 seconds, mixing of the dye was complete after five minutes, and only 6.4 
per cent of the dye had disappeared within eight minutes following injection, at 
which time the blood pressure and the circulating time had not changed. From 
a number of such experiments we felt that we were able to rely on the average 
of two determinations of the concentration of T-1824 in the plasma, five and 
eight minutes after the injections, respectively. In the traumatized animal the 
error of plasma volume determination was greater than in the non-traumatized 
animal, but we feel that determinations were still within the limits of error of the 
method and of biological variations. In order to control whether blood from 
animals in shock itself would have an effect on the optical properties of the 
plasma, blood was obtained from dogs before and after severe trauma, and mixed 
with suitable amounts of T-1824. Since absorption proved to be identical in 
both cases, we concluded that the blood of dogs in severe shock does not itself 
alter the accuracy of the determination of T-1824. 

Care must be exercised in the preparation of dog’s serum or plasma if severe 
serum reactions are to be avoided. Employing the procedure of Goodner and 
collaborators (8), we have been able to reduce the instances of plasma and serum 
reactions toa minimum. The only disadvantage of the method seems to be that 
about 1 per cent of proteins are lost. The use of rubber and glassware free from 
pyrogenic material, i.e., carefully cleaned with alkali and water and sterilized, 
seems to be essential. No typing was necessary, since we have found that in the 
dog hemagglutinins are not present in serum (9). 

Resutts. A. Saline and serum infusion in the same animal. (Fig. 1.) In order 
to eliminate the variable response of different animals, double infusion experi- 
ments were performed on the same dog (4 expts.). Figure 1 represents a typical 
experiment. It demonstrates graphically the transient effects of saline and the 
more lasting and beneficial effects of serum infusion. 


In other experiments the second infusion was with glucose saline solution in- 


ISOTONIC SERUM AND SALINE INFUSION AFTER TRAUMA edd 
stead of serum. These animals died shortly after the saline infusion, with blood 
pressures falling rapidly after completion of the infusion. “The first and partic 
ularly these latter experiments confirmed the results of Blaloek (1) and others 
that saline infusion may even be harmful under certain conditions 

B. In the following series of experiments a more extensive study of the changes 
he animals following trauma was performed, and the results are summarized 
table 7. Following trauma and a low blood pressure maintained at 50, as de 
scribed under Methods, serum or saline solution were administered intravenously 
10 ec. per minute. ‘Table 1 represents the averages of three groups of determina 


tions demonstrating the changes following trauma and the effeets of serum and 
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Fig. 1 Trauma iffeet of infusions with saline-glucose solution and with serum 


saline respectively upon the course of developing shock.! The last determination 
was done at the end of the experiments; thus, in the serum group in which all 
animals lived longer than 43 hours, at the time when the experiment was stopped, 
and in the saline group, when blood pressures had dropped to 40° 50 mm. Hg 
i.e., some time before the death of the animal 

The average survival time for the serum group Was 405 minutes. Only one dog 


of the saline group lived for 270 minutes, while the other six dogs died after 145 


' More determinations were performed, but only 3 are given in the table, representing 


the most Important ports 
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minutes. [It is significant that 145 minutes after trauma the plasma volume o 
the saline dogs was equal to the plasma volume of the serum dogs 405 minute 

after trauma. In order clearly to illustrate this difference, the individual value 
for plasma volumes of each group were plotted against time. The values fo: 
plasma volume “after infusion”? were calculated by adding the infused volume ot} 
saline and serum respectively to the plasma volumes “after trauma.” This was 
done because the rapid changes following infusion make plasma volume dete: 

minations at that time to appear of doubtful value. From this graph values fo: 


plasma volumes were averaged for half-hourly periods. Chart | represents thes« 


TABLE 1 


Lie rages ol determinations in dogs hefore and after trauma and transfusion with serum or salin 


IMMI I 
SURVIVALS 


6 DOGS, 405 
MINUTES 


Blood pressure (mm. Hg 2 126 
Circulating time (seconds 
Plasma volume ec. pel kgm 
Plasma proteins (gr. per cent 
Plasma proteins, total circulating (gr. per kgm 
Hematocrit (per cent 
Plasma CO. (volume per cent 
URVIVALS DEATHS 


1 poG, 270 6 DOGS 


MINUTES MINUTES 


Blood pressure (mm. Hg 

Circulating time (seconds 

Plasma volume (ce. per kgm 

Plasma proteins (gr. per cent . 6.06 
Plasma proteins, total circulating (gr. per kgm 2.92 2.02 
Hematocrit (per cent 50.1 
Plasma CO, (volume per cent ) 29.0 


* Shortly before death 


results expressed as per cent changes from the control plasma volumes before 
trauma. 

Following severe trauma a loss of 29 to 37 per cent of the available circulating 
plasma occurred in 11 dogs. Following the infusion of serum, plasma volume 
was elevated above the control value and slowly dropped to and slightly below it 
within 3 hours. This shows that adequate, i.e., large serum infusions are a safe 
method for elevating and maintaining a more or less normal plasma volume fol- 
lowing severe trauma. 

It is apparent that one hour after infusion of saline a quantity of fluid equal to 


98 per cent of the infused fluid had left the etfeetive circulation. This volume of 


fluid lost is not saline, but saline-diluted plasma. This is apparent from the 
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plasma protein determinations of two typical experiments, represented 
in chart 2°. 


Chart 2 demonstrates that in the case of saline infusion, the plasma proteins 


were not only greatly diluted, but also that the capillary walls became more 
permeable and more plasma left the circulation (‘washing out” effect of Blalock 

1)). In the case of serum infusion, the level of plasma protein was raised above 
the control value and remained there more or less until the experiment was 
stopped (the animal survived). The values for plasma CO, on chart 2 demon- 
strate the evanescent and possibly harmful effects of saline infusion, and em- 
phasize the property of serum (or plasma) to restore and maintain a more or less 
normal plasma CQO, level and thus counteract acidosis. 

Discussion. Shock produced by trauma may be relieved by the intravenous 
administration of serum even when shock is severe, but only when administered 
without much delay and in sufficient amounts. Low blood pressure, low circula- 


PLASMA PROTEINS FOLLOWING TRAUMA @ INFUSION 


AFTER arTer 
TRAUMA MFUSION 


Chart 1 Chart 2 
Trauma. Averages of plasma volumes expressed in per cent cl 
controls before trauma The value ‘‘after infusion” is caleulated (see text 
Chart 2. Trauma. Plasma protein values of 2 representative « 
numbers above or below the curves represent plasma COs, (vol. per cent 


tion rate, low plasma CO., hemoconcentration, and low plasma proteins can be 
restored to approximately normal values; plasma volume may be restored to 
normal or above and held at that level for a number of hours, after which it slowly 
declines. The reverse seems to be true in the case of erystalloid solutions. 
Plasma volume is raised, but only over a short period of time. Following serum 
infusion some of the infused proteins are lost, but most evidently are retained in 
the circulation. On the other hand, following infusion with saline, all or most of 
the saline administered is lost, together with circulating plasma proteins. ‘Thus 
saline infusion may be definitely harmful in traumatic shock. 


2 It is not possible to average the per cent values of plasma proteins of ill dogs in each 
group, and the computation of averages of the total plasma proteins per kgm. weight of dog 


gree with the 


seemed to involve serious mistakes because these average values did not ag 
values of the individual experiments. Therefore, the results of two representative experi 


ments are reproduced here. 
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Serum administered after the failure of saline to improve the condition of the 
dog in traumatic shock (three-quarters of an hour after the saline! solution) still 
can restore blood pressure, plasma CQO», and circulating time to values slightly 
below normal and well compatible with life. A preoperative infusion of a trau- 
matized animal with serum permitted amputation of the leg and the second in- 
fusion raised blood pressure, blood COs, blood hemoglobin, hematocrit, and cir- 
culating time to near control values, well compatible with life. Repeated saline 
infusions, administered shortly after trauma at blood pressures of 50 to 60, ap- 
parently hastened death and did not establish a condition favorable to ampu- 
tation. 


SUMMARY 


Anesthetized dogs were traumatized severely and the effects of infusions with 
saline or serum were studied by a number of physical and chemical determina- 
tions. 

The effects of saline-glucose infusions were as follows: 

1. Five dogs died 145 minutes and one dog died 270 minutes after infusion. 

2. A transitory rise and, usually, a gradual fall of blood pressure soon after 
termination of infusion. Two hours after infusion blood pressure was 43 mm. 
Hg in 5 dogs. 

3. An amount of saline-diluted plasma, equal to or larger than the amount of 
saline-glucose infused, had left the effective circulatory volume within about one 
hour after infusion. 

!. Plasma proteins were greatly diluted immediately after infusion; after that 
some hemoconcentration took place, but total plasma proteins never reached 
control levels again, indicating that proteins were “washed out” of circulation 
together with the saline-glucose solution. 

5. A slight transient improvement of arterial plasma CQO». shortly after in- 


fusion, followed by a continuous and more or less rapid fall to low levels. 


6. Circulating time improved for a short period after infusion and then con- 
tinuously increased toward the end. 

The effects of infusion with normal dog’s serum were as follows: 

1. The dogs lived for 405 minutes, and then the experiments were terminated. 

2. A rise of blood pressure to normal or near normal levels, usually maintained 
till end of experiment. 

3. A large part of the infused volume of serum remained in the effective cireu- 
lation throughout the period of observation. 

4. Plasma proteins were always raised to or above control levels and remained 
there throughout period of observation. 

5. Plasma CO, was always markedly improved and in a number of experiments 
continued to rise to higher levels one hour after infusion. 

6. Circulating time returned to control levels and then slowly increased 
towards termination of experiments. 

Infusion with serum after saline had failed to restore animal, was followed by 
marked improvement of animal. 


ISOTONIC SERUM AND SALINE INFUSION AFTER TRAUMA 36] 


REFERENCES 

1) Buatock, A, Principles of surgical care, shock and other pr »blems. Mi sby, 1940, 
p. 158 ff 

2) Best, C. H. ann D. Y. Sounanpr. Canad. M. A. J. 43: 206, 1940; Brit: Med. J. 1: 799, 
1940 

3) Manoney, E. B. Ann. Surg. 108: 178, 1938. 

1) Orson, W. H., H. Gurmann, 8S. O. Levinson ann H. Necuetes. War Medicine 1: 
S30, 1941. 

5) Gipson, J. G. and K. A. Evetyn. J. Clin. Investigation 17: 153, 1938 

6) Barpour, H. G. anp W. F. Hamitron. J. Biol. Chem. 69: 625, 1926 

7) Wiacers, C.J. Physiol. Rev. 22: 74, 1942 

8) Goopner, K., F. L. R. J. Dusos. J. Immunol. 33: 279, 1937, 

9) Otson, W. H. This Journal 129: 433, 1940 


THE NERVOUS FACTOR IN THE CIRCULATORY FAILURE INDUCED 
IN ADRENALECTOMIZED DOGS BY INTESTINAL STRIPPING 
AND A SINGLE STAGE BILATERAL ADRENALECTOMY 


W. KLEINBERG, J. W. REMINGTON,! V. A. DRILL anp W. W. SWINGLE 


From the Section of Physiology, Biological Laboratory, Princeton University, Princeton, 
New Jersey 


Received for publication May 19, 1942 


In a recent study on the ability of various adrenal steroids to protect the 
adrenalectomized dog against the circulatory failure which follows a 25 minute 
gentle stripping of the small intestine, trauma to muscle masses of the hind limb, 
bilateral adrenalectomy at a single stage operation and hemorrhage, it was found 
that whereas corticosterone and 17-hydroxy-11-dehydrocorticosterone afforded 


adequate protection after all four of the stress procedures, desoxycorticosterone 


acetate was seemingly without effect after the single stage bilateral adrenalec- 
tomy or the intestinal stripping (1). This lack of protective action was striking 
in view of the established fact that desoxycorticosterone maintains the adrenal- 
ectomized dog in good health and vigor, and can, under certain conditions, 
protect against the circulatory collapse following the other shock inducing pro- 
cedures employed (1). It would seem that the single stage bilateral adrenalec- 
tomy and the intestinal stripping must have a common factor contributing 
toward the circulatory failure, against which desoxycorticosterone, unlike corti- 
costerone, 17-hydroxy-11-dehydrocorticosterone or whole gland cortical extract, 
is ineffectual. At first sight the two procedures seem to have little in common. 
The one involves but little trauma, with no discernible local loss of fluid (2). 
Intestinal stripping, on the other hand, involves a widespread and extensive 
trauma, with significant local fluid loss and resultant hemoconcentration. 
Blood chemistry changes after both procedures have proved negligible, and offer 
little evidence for the existence of a shock inducing factor common to both pro- 
cedures. Only a tendency toward a decline in blood sugar, which may or may 
not be severe and is by no means invariable, seems common to both (2). 

Freud, Uyvldert and Waterman (3) pointed out the similarity between certain 
symptoms which follow adrenalectomy in the dog and those observed after 
extensive injury to major elements of the sympathetic nervous system in the 
splachnie area. Stiemens (4) has shown that in the dog the adrenal glands are 
in close proximity to the main mass of the coeliac plexus itself. Workers in 
this laboratory have demonstrated that careful infiltration of the area surround- 
ing the adrenal glands with a procaine solution prior to their removal will 
prevent the appearance of any symptoms of circulatory failure (5). It seems 
clear, therefore, that trauma to adjacent nervous structures must play a signifi- 
eant rdle in the production of the circulatory collapse which follows the single 
stage bilateral adrenalectomy in the dog. 


! Upjohn Research Fellow. 
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In an effort to define more exactly the nervous elements probably subjected 


to trauma at the time of the adrenalectomy, careful dissections were made of 
the adrenal region in a number of dogs. While considerable variation in detail 
exists between animals, figure 1 may be taken to represent a tvpical dissection 
Dividing the coeliae plexus into its eight major component parts, the two coeliac, 
two superior mesenteric, two adrenal, and two renal (which may be diffuse 
ganglia, it can be seen that the adrenal glands are immediately adjacent to 
three, and but shortly removed from the other five nerve masses. Numerous 
fibers ramify in the eapsules of the glands, linking them to the two adrenal 
ganglia and to the left superior mesenteric ganglion. Damage to these ganglia 
is almost unavoidable during the operation. Further, in some animals the 


Remington 


Fig. 1. Surgical anatomy of the adrenal gland of the dog \. Ventral view, vena cava 
removed. B. Dorsal view, dorsal aorta removed Arrows denote points and direetion of 
direct injection with procaine solution Areas enclosed by dotted lines represent probable 


minimal area of thorough procaine infiltration 1, ecoeliae ganglion 


Superior mesenterie 
ganglion; 3, adrenal ganglion; 4, renal ganglion; 4, greater splachnie nerve: 6, lesser splach- 
nic nerve; 7, least splachnie nerve. a, adreno-lumbar vein; b, adrenal artery: ¢, lumbar 
artery; d, renal artery; coeliac artery; f, Superior mesenterre art 


h, vena cava; 7, renal vein 


anatomical association of the glands and the greater splachnic nerves may be 
such that these nerves also are subject to extensive trauma. 

On the basis of these findings, the simple procaine infiltration technique de- 
veloped for the single stage bilateral adrenalectomy was modified in that the 
adrenal ganglia, left superior mesenteric ganglion, and greater splachnic nerves 
are carefully freed from surrounding tissue, and direct injections of a 4 per cent 
procaine solution made into the nerves and the mass of the ganglia (fig. 1). 
The close proximity of the right adrenal gland to the vena cava limits the area 
available for direct procaine injection on this side, but connecting nervous 
elements between the adrenal ganglion and the right coeliac and right superior 
mesenteric ganglia can usually be isolated and treated. A generalized bathing 
and infiltration of the tissues surrounding the adrenal glands is then made, the 
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glands cleared by blunt dissection, and removed. A total of 3 to 5 ce. procain« 
solution is used on each side, the amount varying with the ease of infiltration 
and the extent of dilution by peritoneal fluid. 

It is our impression that the usual minimal area well anesthetized by such a 
procaine infiltration is approximately that shown in figure 1. It is not im- 
probable that this simple procedure is sufficient to completely narcotize the 
whole coeliac plexus. 

Only rarely does an animal subjected to a single stage bilateral adrenalectomy 
survive longer than 24 hours, with the usual life span of either untreated or 
desoxycorticosterone acetate treated animals falling between 9 and 14 hours. 
Since developing the procaine infiltration technique, we have routinely pre- 
pared adrenalectomized dogs by the single stage operation. In a series of over 
50 dogs, there has been not a single clear failure. A typical post-operative 
recovery is shown in table 1. These animals usually eat within 6 to 8 hours 
following the operation, show little if any decline in blood pressure, and can be 
maintained on small amounts of desoxycorticosterone acetate.” 

Since the coeliac plexus contains both afferent and efferent fibers of the 
sympathetic nervous system, as well as preganglionic fibers of the vagus nerve, 
any or all of three nerve pathways may reasonably be assumed to be involved 
in the induction of the circulatory failure. However, if it could be shown that 
a protection to the circulation comparable to that obtained by the local infiltra- 
tion with procaine is afforded by either spinal anesthesia or spinal cord section 
prior to adrenal removal, then the nerve elements concerned could hardly be 
other than visceral afferent fibers. 

Actually, adequate protection is afforded by either of these procedures. Firor 
routinely prepares adrenalectomized dogs by a single stage bilateral adrenalec- 
tomy under spinal anesthesia, and the animals can be maintained from the 
time of operation by desoxycorticosterone acetate (6). We have had similar 
results with spinal anesthesia (table 1). The blood pressure of such operated 
animals remains low during the period of the anesthesia, but returns to normal 
levels when the anesthesia wears off. 

The ability of spinal section to protect against the circulatory failure which 
rapidly follows a single stage bilateral adrenalectomy is illustrated by dog 1, 


table 1. As was to be expected, the blood pressure fell after the spinal section 
and remained low. The significant point is that the animal recovered well from 
the operation, taking food within 10 hours of its completion. 

The widespread innervation of the small intestine by svmpathetic fibers and 
visceral afferents renders plausible the suggestion that the initiating factor in 


the circulatory failure which follows stripping the intestine in the adrenalec- 
tomized dog may also be an extensive injury to the nervous elements of the 
splanchnic area. Either untreated adrenalectomized dogs, or those given pro- 
phylactie foretreatment with desoxycorticosterone, show a progressive decline 


* We are indebted to Ciba Pharmaceutical Products, Inc. for generous supplies of the 
desoxycorticosterone acetate (Perecorten) used in these experiments. 
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in blood pressure after twenty-five minutes of intestinal stripping, with death 
usually occurring at about the ninth hour although the life span may vary from 
6 to 18 hours. Desoxycorticosterone treated dogs subjected to spinal section 


prior to the intestinal stripping show no such progressive decline in pressure 


TABLE 1 


BLOOD 
PRESSURI 
Dog 1, 12.0kgm. 


per 


mm. HH ¢ 


minule 


120 LOO 
74 140 


140 


Dog 2, 10 1 kgm. Proeaine infiltration of cor 
110 14.6 


105 


Kem Spinal inesthesia 


from the lowered level attained after section of the spinal cord, and survive 


well beyond the critical period (table 2). 
It has proven difficult to keep the adrenalectomized spinal dog in good condi 


tion. Regardless of the recovery interval allowed after the cord seetion, the 


removal of the adrenals is followed by a gradual failing of the appetite and 
general health of the animal. After a few days, respiratory infections often 


Effect of nerve bloc on the ESPONSE ¢ the de Jioa nate [ [ ‘ ct / 
HEM 
Spinal section 
— per cent rcent 
1, 26 10:30 a.m P| “4 15.0 Sp leut at J 
1/28 10:30 a.m SO 15.1 Bott ved.t 
9:00 p.m 79 | OS 15.2 Alert { Od Given 5 mg 
1/29 10:30 a.m 7s 132 7s 15.0 (rood Col t periment d 
2/4 11:00 a ren | ising 
9:00 p.m | 120 14 14.6 Good dit te od 
Ciiver rt 
2/d 11:00 a.m LOS “4 SO) 14.7 Normal experime liscor 
Dog 3, 10.7 
1/22 10:30 a.m 130 S4 15.4 Both adre ed ising 
spinal anestl 
10:30 p.m 0) 134 SI 15.4 CGiood eondition food 
Gaiven mg leSONVCO! 
cCosterone at 
1/23 10:30 a.m 131 12s Nt) 15.6 Norm periment discon 
tinued 


366 KLEINBERG, REMINGTON, DRILL AND SWINGLE 


TABLE 2 
Effect of nerve block on the response of the adrenalectomized dog to intestinal stripping 


BLOOD BLOOD HEMO 


REMARKS 
PRESSURE SUGAR GLOBIN 


Dog 4, 10.3 kgm. Spinal section. 20 mgm. DCA* 


Der 
mm. grams 
minute per cent 


120 120 Right adrenal removed, usin 


] 


procaine infiltration. Spina 
cord then cut at T-2, left 
adrenal removed using pro- 
caine infiltration Intestine 
stripped for 25 minutes 


Completed stripping 


Alert, given food and water 


Showing symptoms of respira- 
tory infection. Sacrificed on 


3/6 
Dog 5, 13.0 kgm. Procaine infiltration ofthe coeliac area. 20mgm.DCA* 


10:00 a.m. 116 123 82 15.1 Bilateral adrenalectomy with 
procaine infiltration In- 
testine stripped lor 
minutes 


( ompleted stripping 


Alert, refused food but took 
water 


10:00 7 \ppears normal, experiment dis- 
continued 


10.6 kgm. Proeaine infiltration of the coeliac area. 20mgm. DCA* 


121 : 71 15 Bilateral adrenalectomy with 
procaine infiltration. In- 
testine stripped for 25 
minutes 


Completed stripping 


Sluggish, took food and water 


\ppears normal, experiment dis- 
continued 


3/3 | 10:30 a.m. TT 

p.m. 6696 
9:15 p.m 6S 110 76 15.0 

3/4 12:30pm. 650152 9 

99 

3:30 p.m. 100180 
9:30 p.m (2 240 52 15.6 

3/7 9:30am. 66162 6 
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TABLE 2—Concluded 
REMARKS 


adrenalectomized, cortical extract maintenance therapy, 10.3 | 


thesia. 20 mgm. DCA* 


fer 
mm. minute 
nimul 


10:00 a.m. 128 124 Intestine stripped for 2. 
11:30 a.m. 71 76 Completed — stripping 
inesthesia maintain 


hours 


11:30 a.m 131 140 14.8 Normal 


adrenalectomized, cortical extract maintenance therapy, 10.9 kgm 


thesia. 20 mgm. DCA* 


11:30 a.m. 112 132 St 12.4 Intestine stripped for 
12:30 p.m. SO 140 Completed — stripping 
anesthesia maintained 


hours 
8:00 p.m. { 192 


28 12:30 p.m. 118 140 Normal 


* Desoxycorticosterone acetate given in four intramuscular injection 
t 18, 12 and 2 hours before, and at the time of operation 
+ Dog received food several hours before sample 


intervene, requiring the eventual sacrifice of the animal. We feel that this 
failure can be attributed, in part at least, to an inability of desoxycorticosterone 
to adequately maintain the spinal adrenalectomized animal. The use of cortical 
extract for maintenance was obviated because of the protective action it would 
have had in preventing circulatory failure following the intestinal stripping 
which was to follow. The minimal maintenance level of cortical extract is 
apparently increased to an appreciable extent after the cord section. The ex- 
perimental procedure was therefore modified so that spinal section single stage 
bilateral adrenalectomy and the intestinal stripping were all performed at a 
single sitting. Thorough infiltration of the adrenal area with 4 per cent pro- 
caine was made at the time of adrenalectomy. Successful prevention of any 
symptoms of circulatory failure following this drastic operative procedure have 
been regularly accomplished. 

Since this latter technique involves procaine infiltration of the coeliae region 
as well as spinal section, the question at once arises whether it is not possible 
to prevent the circulatory collapse which follows intestinal stripping by procaine 
infiltration of the nerves and ganglia of the splanchnic area alone. ‘The animals 
cited in table 2 show clearly that this is often possible. Of a series of seven 
dogs, but four have shown uneventful recoveries and been suecessfully main 


obi 
DATE TIME 
PRESSU LOGIN 
Dog 7, anes 
mem ram 
ed tor 5 
1/19 
DS, 
| 
1/27 
spi 
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tained on desoxycorticosterone acetate. Failures following the use of this 
procedure probably reflect an inadequacy of thorough infiltration; at least, in 
every case where the operators were convinced at the end of the operation that 
the procaine infiltration had been complete and adequate, the animals survived 
after the intestinal stripping. When the infiltration was doubtful, either be- 
cause of a confined operative area or undue dilution of the procaine by blood 
oozing from small vessels or seepage of peritoneal fluid, the animals failed to 
recover. 

Spinal anesthesia will also adequately protect the adrenalectomized dog 
against the circulatory failure following intestinal stripping. Vigorous adrenal- 
ectomized dogs receiving a bare maintenance dose of cortical extract were used. 


Extract was discontinued the day previous to operation and a priming dose of 


desoxycorticosterone substituted (table 2). Spinal puncture was performed at 


the level of the fifth lumbar vertebrae and 2.5 ec. of a 2 per cent procaine solu- 
tion injected. A small dose of nembutal is given intravenously previous to 
spinal puncture. At intervals varving from one to two hours, for the first five 
hours following stripping, 1 ec. doses of the 2 per cent novocaine solution are 
injected into the cord in order to prolong the spinal anesthesia. The needle is 
left in the spinal canal throughout the entire procedure. Animals so treated 
show no sign of circulatory failure and after recovery from the anesthetic are 


active and vigorous. 


DISCUSSION 


The evidence seems clear that trauma to nervous elements in the splanchnic 
area is an initiating factor in the induction of circulatory failure which follows 
both the single stage bilateral adrenalectomy and the intestinal stripping in the 
adrenalectomized dog. Since a thorough infiltration of the coeliac plexus with 
procaine will protect the animal against both procedures, one might conclude 
that the nerve pathways involved are common to both. In as much as spinal 
section or spinal anesthesia also affords adequate protection against the circu- 
latory failure, the visceral afferent fibers are apparently responsible. It seems 
not improbablé that barrages of nociceptive stimuli arising in the area of injury 
will induce extreme excitation of the vasomotor centers, eventuating in intense 
vasoconstriction of peripheral vessels over the body. There is no reason to 
suspect an exhaustion of the vasomotor centers, themselves. It is more prob- 
able that the passage of these afferent impulses to higher centers, unless pre- 
vented by spinal section, spinal anesthesia, or procaine infiltration of the coeliac 
plexus and major splachnies, would lead to gradual exhaustion of some part of 
the peripheral vasculature and the consequent development of circulatory 
failure. 

Of the blood chemistry changes associated with the circulatory failure follow- 
ing the two stress procedures under discussion, only the tendency for a decline 
in blood sugar seems important (2). It is not our belief that the svmptoms of 
circulatory failure ean be clearly attributed to a low blood sugar level, but 
that the blood sugar change is probably reflecting some deep-seated derange- 
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ment in carbohydrate metabolism. We do not know how much of this tendency 
toward a lowered blood sugar can be attributed directly to the trauma of the 
nervous elements of the splanchnic region (ef.7). A direct correlation seems to 
exist, however, between the capacity which the various adrenal steroids possess 
in protecting against circulatory failure and the activity they show in main- 
taining normal carbohydrate metabolism in the body (1). For example, 
17-hydroxy-11-dehydrocorticosterone, which possesses marked carbohydrate 
activity, adequately protects the adrenalectomized dog against circulatory 
failure after all stress procedures employed. Assuming that the presence of 
these carbohydrate active steroids is essential for the maintenance of a normal 


carbohydrate cycle, and hence normal function in all tissues of the body, then 


the ability of the vascular periphery to sustain normal function, in the face of 
the prolonged stimulation to which it would be subjected as a result of the 
trauma to nervous elements of the splanchnic area, would be reduced in the 
adrenalectomized dog given only desoxycorticosterone therapy. For desoxy- 
corticosterone, unlike corticosterone, 17-hydroxy-1 1-dehydr corticosterone, and 
whole adrenal cortical extract, shows no carbohydrate activity. 

The eventual circulatory failure in the desoxvcorticosterone treated adrenalec- 
tomized dog could then be abseribed to two major factors. The first is the 
intense nervous bombardment of the vascular peripheral apparatus via the vaso- 
motor centers resulting directly from extensive trauma to visceral afferent nerves 
in the splanchnic area. The interruption of the nervous pathway to the higher 
centers by spinal section, spinal anesthesia, or local procaine anesthesia, will 
indirectly protect the end organ against exhaustive stimulation and hence pre- 
vent the circulatory collapse. The second factor would be the lessened ability 
of the end organ to maintain normal function in the face of this intense stimula- 
tion, a deficiency related to the absence of carbohydrate active adrenal hormones. 


SUMMARY 


1. All symptoms of the circulatory failure which normally follow bilateral 
extirpation of the adrenal glands of the dog at a single operation, can be pre- 
vented by a thorough infiltration of the sympathetic elements adjacent to the 
glands prior to the adrenal removal. Anatomical dissection shows that the 
elements involved are the major parts of the coeliac plexus. 

2. Spinal anesthesia and section of the spinal cord at T-1 or 2 affords com- 
parable protection against the circulatory failure. 

3. The circulatory failure following a twenty-five minute gentle stripping of 
the intestine can likewise be prevented by spinal section, spinal anesthesia, or 
thorough infiltration of the coeliac area with procaine. 

4. It is concluded that trauma to visceral afferent elements in the splachnic 
area, leading presumably to intense reflex stimulation of the peripheral vascula- 
ture via the vasomotor center, is an initiating factor in the production of 
circulatory failure in both intestinal stripping and bilateral adrenalectomy at a 
single stage operation. 
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The pressor action of pituitrin, barium chloride, nicotine and splanchnic 
nerve stimulation is greatly reduced in severe adrenal insufficiency in the eat, 
while that of epinephrine is but little impaired (1. 2, 3, 4, 5,6). The congested 
state of the abdominal viscera, found at autopsy, in such animals suggested that 
a loss of contractility might have occurred in splanchnic blood vessels, which 
would account, at least in part, for the reduced pressor responses to pitressin 
and barium chloride (5). Since it had been found that epinephrine caused con- 
striction of at least some of these vessels in adrenal insufficiency, the apparent 
ineffectiveness of splanchnic nerve stimulation and of nicotine, as judged by 
the effect on blood pressure, seemed anomalous. ‘To explain this it was sug- 
gested that the store of sympathin at adrenergic nerve endings had become 
depleted (5). More recent work indicates that there is no substantial depletion 
of splanchnic sympathin in adrenalectomized cats up to the time of final collapse 
which was thought to be a result of cardiac failure (6). 

In the present paper, further observations regarding the responsiveness of 
splanchnic vessels and, incidentally, of the smooth muscle of the small intestine 
of cats in adrenal insufficiency will be presented. A brief report (7) on this 
investigation was made in 1939. 

Meruops. All observations were made on cats anesthetized with nembutal. 
Practically the whole length of the small intestine was placed in a plethysmo- 
graph containing cotton soaked in warm saline on which the bowel rested. The 
chamber of the plethysmograph was covered by a glass plate sealed by vaseline 
and connected to a Marey tambour which recorded intestinal volume changes. 
No stress is placed on minor differences found in gut volume changes in these 
experiments. Carotid blood pressure was also recorded, using a mercury 
manometer. (Parke, Davis and Company pitressin and Connaught Labora 
tories epinephrine were used.) 

Experiments were carried out on three groups of animals: 1, on normal cats 
acutely adrenalectomized, i.e., immediately before the plethysmograph experi 
ment; 2, on healthy adrenalectomized cats maintained by cortin for four to 
eighteen days; 3, on moribund, adrenalectomized cats dying of adrenal insuf 
ficiency. 

tesUuLTS. 1. Pressor responses. The pressor responses elicited by stimula 
tion of the right splanchnic nerve (in the abdomen) and by various pressor drugs 
in the three groups of adrenalectomized cats are listed in table 1. In adrenal 


1 Alexander McPhedran Research Fellow in Clinical Medicine. 1938-40 
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insufficiency the pressor responses, with the exception of that to epinephrine, 
were very much less than in the cats of groups 1 and 2. 

The degree of impairment of the responses in the cats suffering from adrenal 
insufficiency was not so great as in many previously observed cases in which 
the gut was not plethysmographed (5). This was due to the slightly less ad- 
vanced stage of adrenal insufficiency at which the present experiments were 
done. Waiting an hour or two till the condition became more severe would 
have greatly increased the risk of the animals dying before the more complicated 
plethysmograph set-up could be completed. 

The significance of a generally smaller pressor response in cortin-treated cats 
than in the acutely adrenalectomized group is questionable in view of the limited 
number of experiments. Moreover, the smaller amount of nembutal required 


TABLE 1 


Pressor responses in adrenalectomized cats 


CATS AVERAGE INCREASE IN BLOOD PRESSURE FOLLOWING 


Injection of drugs* 
Stimulation 


Group No Orr r 
splanchnic Epinephrine, Pitressin, 2 Bariu 
chloride 
nerve 0.04 mgm units 
mgm 
mm. I1g mm. ¢ mm. Il mm. 
Group 1: 
Acutely adrenalectomized... 13 56 79 47 73 
Group 2: 
Cortin-treatedf.. 4 33 59 41 73 


Group 8: 


Adrenal insufficiency.... 7 69 9 18 


* Drugs injected intravenously by femoral vein over a ten-second period in volume of 
1 ce. 
+ Maintained four to eighteen days. 


to produce satisfactory anesthesia in the cortin-treated group may mean that 
depressor reflexes were not so effectively dampened. It is of interest that 
splanchnic nerve stimulation in cats under urethane anesthesia had a greater 
pressor effect in cortin-treated than in acutely adrenalectomized animals (6). 

2. Volume and vessel changes in the plethysmographed intestine. The plethys- 
mographed intestine showed the following changes elicited by the various 
procedures: 


Splanchnic nerve stimulation: (1) In the acutely adrenalectomized group: A 
marked decrease in gut volume and visible constriction of vessels in the mesen- 
tery and intestinal wall occurred simultaneously with the rise in blood pressure 
(fig. la). Following the initial decrease in gut volume there was an increase 
above the resting level. In those cases in which the stimulation was prolonged 
for a minute or more, the increase in volume occurred before the stimulation 
was stopped. Increase in volume was associated with definite relaxation of the 
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bowel, though the visible vessels remained constricted Che volume of blood 


in non-constricted vessels probably was increased. 


2) In the cortin-treated qroup: The findings were similar to those in group. | 


except that no secondary increase in gut volume and little or no relaxation 


hevond the resting level occurred. 


Jo" 


Fig. 1. Changes in volume of plethysmographed intestive (upper tracing) and pres 
response (lower tracing) in adrenalectomized eats, in this and all other figures \rr 
indicate simultaneous points in time a) Acutely adrenalectomized cat: right splancet 
nic nerve stimulated supramaximally in abdomen b) Cat in severe adrenal insufficiens 


right splanchnic nerve stimulated supramaximally in abdomen 


(3) In the adrenal insufficiency group: Vhe visible changes in vessels and the 
recorded decrease in gut volume appeared to be as marked as in the previou 
groups. There was no secondary increase in gut volume or relaxation of the 
intestine and little rise in blood pressure (fig. Tb 

Epinephrine: (1) Aeutely adrenalectomized group: marked decrease in gut 


volume and visible constriction of splanchnic vessels occurred three or four 


1 
I mm Hg / 
2.00 / 
1G0 \ 
120 yy, 
, 
j mmHg. 
h 
uit 
zoL 
ut Rt.Splanchnic stim. Rt Splanchnic stim. 
or 
)). 
A 
n- 
ire 
ise 
ed 
on 
he 


1. FOWLER AND R. A. CLEGHORN 


seconds following the onset of a rise in blood pressure (fig. 2a). While the 
blood pressure Was still elevated, the gut volume increased tou point considerably 
bevond the resting level. This was associated with obvious relaxation of thy 
bowel. 

2) Cortin-treated group All reactions were similar to those in the previous 


group. 


0.04E pine 
a 
Pig. 2. Acutely adrenalectomized cat: 0.04. mgm. epinephrine injected in 


travenously Same cat as fig. la b) Cat in severe adrenal insufficiency: 0.04 mgm 


epinephrine injected intravenously Same eat as fig. Ib 


3) Adrenal insufficiency group. The gut volume increased slightly simul- 
taneously with, and probably as a result of, the initial rise in blood pressure. 
The blood pressure had risen considerably betore constriction of the splanchnic 
vessels and decrease in gut volume occurred (fig. 2b). These changes were of 


the same type as those seen in the healthy groups, except that the time elapsing 


between the onset of the pressor effect and the splanchnic changes was more 


than twice as great in the moribund animals, indicating reduced circulation 
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seemed to be the same in all three groups of cats 


splanchnic arteries in the mesentery seemed to constrict first 


and 
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Fig. 3. (a) Acutely adrenalectomized cat: 2 units pitressin injected intravenously 
b) Cat in severe adrenal insufficiency: 2 units pitressin injected intravenously 


\ slight increase in peristalsis was observed. The reduction in the gut volume 
was prolonged. The blood pressure had risen a little by the time the splanchnic 
vessels constricted. In the adrenal insufficiency group, the pressor effect) was 
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was not so marked as with the other procedures, particularly in the cats that 
had previously received pitressin. The initial decrease in gut volume was 
followed in a few seconds by a profound and prolonged increase above the resting 
level. Similar observations on rabbits were made by White (8). The increas 
in gut volume was due to intense engorgement of intestinal vessels. The gut 
rapidly assumed a evanotic hue. Concurrently with the vascular changes, local 
and variable contractions of the intestine were seen. — Peristalsis increased, and 
as the gut became engorged and evanotic it appeared to relax. Figure 4 (a and b 


illustrates the pressor and graphically recorded plethysmograph changes. 


25mg BaCl, 


a b) 


Fig. 4. (a \cutely adrenalectomized cat: 25 mgm. barium chloride injected 
intravenously b) Cat im severe adrenal insufficiency: 25 mgm. barium chloride in 


jected intravenously Both cats had received pitressin previously 


It was also found that splanchnic nerve stimulation or the administration of 
epinephrine during the period of increased gut volume elicited by barium 
chloride caused a marked decrease in the volume. 

3. Other changes in the small intestine. A noteworthy feature, which to om 
knowledge has not been remarked upon, is the highly contracted state of the 
small intestine of most cats dying of adrenal insufficiency. Since these animals 
eat little in the last few days of life, the gut generally is empty. In order to 
determine whether this was the reason for the contracted state and to insure 
that the controls were comparable in point of intestinal content, some of the 
animals in group | were starved for a number of days similar to the period ot 
anorexia shown by eats developing adrenal insufficiency. These starved con- 
trol animals all showed marked relaxation of the intestines. This indicates 
that the contracted intestine of animals dying in adrenal insufficiency is related 


to some other state associated with adrenal insufficiency. “To determine whether 
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it was related to decreased blood volume, characteristic of adrenal insufficiency, 
: moribund cat with its gut in the plethysmograph was given 85 ec. physiological 
saline intravenously. Following this, the gut relaxed somewhat and the pulse 
pressure increased but the blood pressure only rose from 24 to 30 mm. Hg. 
splanchnic nerve stimulation and the injection of epinephrine within eight 
minutes of the administration of saline each caused the usual reduction in gut 
volume, but this was followed by a marked increase in volume and by a relaxa- 
tion of the intestine of the type seen in healthy adrenalectomized cats and not 


obtained in the animal dying of adrenal insufficiency, prior to the saline infusion. 


Relaxation of the intestine following splanchnic nerve stimulation can not have 
been due to the associated increase in blood pressure (10 mm. Hg) for this was 
no greater than that obtained by splanchnic nerve stimulation prior to the 
infusion of saline when no relaxation of the gut occurred. Circumstances pre- 
vented the repetition of this experiment. 

Discussion. In the present study it has been shown that splanchnic blood 
vessels of cats in severe adrenal insufficiency constricted when the nerves 
supplying them were stimulated. Therefore, there was no exhaustion of sym- 
pathin at the adrenergic nerve endings in this region. The poor pressor response 
attending splanchnic nerve stimulation could not have been dependent on func- 
tional defect in the nerves or the vessels they supplied. This confirms findings 
previously reported (6) and also weighs against Secker’s view (9, 10) that 
adrenalectomy leads to a loss of function of sympathetic vasoconstrictors. 

Pitressin and barium chloride injected intravenously also caused constriction 
of vessels in the splanchnic region in adrenal insufficiency. Thé effect of barium 
chloride was predominantly on the veins. These observations rule out the 
hypothesis previously advanced (5) that loss of responsiveness of blood vessels 
to pitressin and barium chloride is the reason for the poor pressor effect follow- 
ing their injection in severe adrenal insufficiency. They also refute the allega- 
tion of inadequate dosage advanced by Remington et al. (11) as the explanation 
of this phenomenon. 

The normal pressor effect elicited by epinephrine in adrenal insufficiency 
would seem to be due to the cardiac stimulating effect of this drug, since it did 
not produce greater constriction of mesenteric and intestinal wall vessels than 
splanchnic nerve stimulation or pitressin which caused so little rise in pressure. 
This view is supported by the observation of Clark (12) that the constriction, 
elicited by epinephrine, of the vessels of the intestine in normal cats is very 
transient. As a result of his studies, Clark concluded that increased cardiac 
output probably is the most important factor in the rise in blood pressure 
resulting from epinephrine action. 

Splanchnic nerve stimulation, pitressin, and barium chloride cause no sub 
stantial pressor effect in adrenal insufficiency though, apparently, they exert 
the same marked degree of peripheral vasoconstriction as normally. This fail 
ure to cause the usual rise in blood pressure may be due to the inadequate 
response of the heart to increased peripheral resistance. Normally the heart 
responds to an increase in peripheral resistance by dilatation and an increase 
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in work done, while the blood pressure rises (13). In adrenal insufficiency, it 
would seem that the heart has lost the capacity to perform more work unde: 
the stimulus of increased resistance. Dilatation does not provoke discharge of 
the ventricular content. Visual inspection of the heart of animals dying in 
adrenal insufficiency shows it to be overly dilated and contracting feebly. It 
stops in diastole. The heart is implicated too in the cardiovascular failure by 
the fact that the terminal decline in blood pressure is associated with a decreas- 
ing heart rate (3). 

This interpretation of the failure of increased peripheral resistance to cause 
a rise in blood pressure comparable to that seen in healthy adrenalectomized 
animals makes possible a re-interpretation of the findings of Remington 
et al. (11). These investigators say that their failure to obtain the usual pres- 
sor effect with renin and other pressor agents in adrenal insufficiency in dogs is 
due to disturbance of the “vascular peripheral apparatus,” but they have not 
shown that there is any impairment in the power of these agents to constrict 
blood vessels. On the basis of our findings, it seems probable that their results 
may have been due to a failure of the heart to respond to the stimulus of in- 
creased peripheral resistance in the same manner as in healthy controls. 

It should be noted that the pressor drugs employed all caused the blood 
pressure to rise before causing constriction of splanchnic blood vessels. This 
is attributable to an effect on those parts of the cardiovascular tree first reached 
by these drugs, e.g.: the pulmonary system and, in the case of epinephrine, 
the heart as well and more particularly. 

The increase in volume of the plethysmographed intestine, following the 
preliminary decrease in response to epinephrine, observed in our healthy ani- 
mals has been described by White (8) and Clark (12) in non-adrenalectomized 
eats. In Clark’s opinion it is due to an increase in the amount of blood in the 
intestine where constriction does not last as long as, for example, in the skin. 
It is a result largely of passive dilatation of the vessels in that region due to the 
raised blood pressure. Section of the splanchnics excluded depressor reflexes as 
a cause. The observations of White indicate that a persistence of constriction 


of mesenteric veins after relaxation of arterioles is an important factor in the 
increase in intestinal volume with epinephrine. In some of his experiments— 


as in ours, in adrenal insufficiency—no secondary increase in volume occurred. 
In such cases White observed that arterioles and veins recovered simultaneously 
from the constricted state. 

Our experiment on a cat in adrenal insufficiency, in which the intravenous 
injection of a large amount of physiological saline restored the intestinal re- 
sponses to normal, indicates that either the reduced blood volume or a disturb- 
ance in the ionic ration of sodium, chloride and potassium in the gut was respon- 
sible for the contracted state of the intestine and abnormal responses. 


SUMMARY 


In cats dying of adrenal insufficiency, splanchnic nerve stimulation or the 
intravenous injection of pitressin or barium chloride constricts blood vessels 
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in the splanchnic region as in healthy adrenalectomized controls. The pressor 
response to these procedures in adrenal insufficiency was poor while that elicited 
by epinephrine was practically unimpaired. The retention of the pressor effect 
by epinephrine is attributed to its cardiac stimulating action. It is concluded 
that splanchnic nerve stimulation, pitressin and barium chloride cause but poor 
pressor response in adrenal insufficiency because the heart fails to respond 
normally to an increase in peripheral resistance. 

The contracted state of the small intestine in moribund adrenalectomized 
eats is remarked upon and the absence of relaxation attending splanchnic nerve 
stimulation or the injection of epinephrine. Evidence indicating that this 
abnormal reaction may be related to blood volume deficiency or to alteration 
in blood electrolytes is presented. 
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This report deals with the results of blood volume estimations carried out 
during the course of experiments investigating some aspects of shock. The 
animals used were unselected and untrained dogs of mixed sex and breed. The 
literature concerning the estimation of blood volume in dogs has been dealt with 
adequately in the papers referred to below. 

Merruops. Plasma volume was measured by the use of the dye T 1824 in a 
sterile 1 per cent solution (1). A standard concentration curve was prepared 
as described previously (2), using the Evelyn photoelectric colorimeter. 

The animals used had been in the laboratory on an average of a week. They 
varied in weight from 4 to 19 kgm.; only 5 were more than 13 kgm. The dogs 
were fasted 15 to 18 hours before the blood volume estimation was carried out. 


No sedative or anesthetic was used. At the beginning of each experiment a 
control sample of blood (3-4 ec.) was drawn under oil from a leg vein, and the 
dye was then injected, the amount used in most cases being 1 ec. of the 1 per 


cent dye solution diluted with saline to 8-10 ce. Further blood samples were 
taken at 30, 60 and 90 minute intervals from one of the opposite leg veins. This 
interval of 30 minutes before taking the first dye sample allowed thorough mixing 
of the dye to take place, and its disappearance rate to become uniform. 

The density values of the dye T 1824 in the various samples were determined 
on 0.5 ee. serum samples, using filter 635 in the Evelyn photoelectric colorimeter 
and a correction for any possible hemolysis was made according to the method 
described by Gibson and Evelyn (3). Estimations of the packed volume of red 
blood cells were made on heparinized blood. The animals were not tied to a 
table during the determination but left in a cage. Care was taken to avoid 
excitement by careful handling. Some animals were nevertheless excited at 
first and in these the initial packed cell volume was considerably higher than in 
subsequent samples, presumably due to this cause. In such cases the initial 
value was discarded and an average of the lower subsequent values taken as the 
per cent cell volume for this paper. 

The red cell volume was calculated by use of the formula 

Plasma volume X Per cent cell volume 
= Red cell volume. 
Per cent plasma volume 
Total blood volume was obtained by adding the red cell and plasma volumes 
together. The experiments were done during the months November to April. 

Resutts. The plasma volume and red cell volume in terms of cubic centi- 

meters per kilogram of body weight, together with the per cent cell volume 
380 
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15 F 6.6 15 55.1 15 | 68 M 15.5 36 12.3 23.8 
16 M 9.35 | 42 54.9 10 69 I 7.23 17 48.2 12.6 
17 F 6.5 15 38.0 30.4 70 M 7 33 16 55.0 16.6 
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39 F 17 16 10) 0 14 55.6 13.7 
40 F 6.9 39 54 59 14 39.4 31.0 
41 F 9.1 13 14 87 29 57.0 23.3 
42 F 8.7 37 19 83 12 51.3 ay 3 
43 F 8.35 | 40 14 16 11 18.1 33.4 
44 F 6.25 | 42 56 09 11 17.3 32.7 
45 M 7.4 38 51 5 39 12.5 5 
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53 F 4.7 12 17.0 34.0 106 M 12.1 15 19.8 11.4 
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values from estimations on 106 different animals weighing from 4.7 to 19.5 
kgm., are given in table 1. Figures 1 and 2 present the frequency distribution of 
the plasma volumes and total blood volumes expressed as cubie centimeters 
per kilogram. 

The range of plasma volumes found was 31.8 to 64.6 ec./kgm., of cell volume 
21 to 49.2 ee./kgm. and for total blood volume 60 to 107.5 ce./kgm. Our 
findings with regard to plasma volume correspond very closely to those reported 
by Gregersen and Stewart (1), who with the same dye method obtained a range 
of 35 to 65 ec./kgm. in a large series of animals; no calculations of total blood 
volume were made in their report. 

Gibson, Keeley and Pijoan (4) have described results of plasma volume 
studies in 50 dogs weighing from 5 to 30 kgm. They also used the dye T 1824 
and obtained values for plasma volume ranging from 41.2 to 51.7 ee./kgm., for 


PLASMA VOLUMES 
OF 106 DOGS 


38 45 48 52 58 
CENTIMETRES PER KQM 
Fig. 1 Fig. 2 
Fig. 1. Frequency distribution of plasma volumes of 106 unselected dogs. (Median 
48 ec./kgm.) 
Fig. 2. Frequency distribution of total blood volumes of 106 unselected dogs. (Median 
82.1 ec./kgm.) 


cell volume 36.4 to 54.6 ce./kgm. and for total blood volume 84 to 97.3 ce./kgm. 
They also showed that the larger dogs tended to have a larger plasma, cell and 


total blood volume per kgm. body weight. The great majority of our animals 
weighed less than 13 kgm. When our results are compared to those on the 14 
animals of Gibson et al. which weighed less than 13 kgm., the plasma volumes 
agree very closely, the averages within 1 per cent. Our cell volumes were on 
the whole lower than those obtained by these workers, our average value being 
34.1 ce./kgm., theirs 40.5 ce./kgm. on the 14 dogs under 13 kgm. If they 
used jugular (source of venous blood not stated) rather than leg vein blood, 
their higher result would be explained, in part at least, since the packed red cell 
volume is greater in the larger than in the smaller vessels (1). 

No consistent differences were observed between the average ec./kgm. value 
of plasma and total blood volumes between male and female animals in our 
experiments, in agreement with the observations of the above authors (4). 
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The spread of values in plasma volume and total blood volume is shown in 
the graphs, and the figures assume the configuration that might be expected in 


a group of animals, unselected with respect to sex, age, breed, muscularity Ol 


adiposity, factors which are suspected as affecting the unit volume of plasma 
and total blood. 


SUMMARY 


Plasma volume estimations were carried out on 106 normal, unselected dogs 
of from 4.7 to 19.5 kgm., only 5 of which were more than 13 kgm. In terms of 
cubie centimeters per kilogram, plasma volume ranged from 31.8 to 64.6 ce., 
cell volume from 21 to 49.2 ee. and total blood volume from 60 to 107.5 ec. No 
significant difference was noted between the average cc./kgm. value of plasma 
and total blood volumes between males and females. 
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Since considerable work has been done on the water equilibria in pregnancy, 
it was supposed that a study of the distribution of water and electrolytes in 
muscle from pregnant dogs would provide useful data. The distribution of 
water and electrolytes in normal mammalian muscle having been established, a 
study of the muscle removed from pregnant dogs would define the relative 
proportions of extracellular and intracellular water in the pregnant organism. 
This report, therefore, will present data to show first, that the concentration of 
electrolytes and the volume of extra and intracellular fluids of skeletal muscle 
from pregnant dogs were not different from those in the non-pregnant organism; 
and second, that following an increase in total body water, the average acute 
tissue edema produced in the pregnant organism was of the same proportion 
as that produced in the normal non-pregnant animal. 

Meruops. Dogs were used for this study. They were either obtained in 
late pregnancy and kept in the laboratory for a few days on a meat diet, or they 
were obtained in early pregnancy and kept for a number of weeks. Before an 
experiment was carried out, the dog was weighed and anesthetized by the 
intravenous injection of 1 ec. per kilo body weight of a 5 per cent solution of 
nembutal. A cannula was then introduced in the carotid artery for continuous 
blood pressure tracing and the bladder was catheterized for the collection of 
urine during the entire experimental period. Forty cubic centimeters of blood 
were then removed by syringe from the femoral artery, of which 30 ce. were 
delivered under oil for serum analysis, and 10 ec. were defibrinated for whole 
blood analysis. One rectus abdominis muscle was removed for the initial 
analyses and placed immediately in a large glass-stoppered weighing bottle. 
It was then placed on a glazed tile and trimmed to remove all visible connective 
tissue and fat, after which it was returned to the weighing bottle. After being 
minced with scissors the muscle was ready to be analyzed. Weighed aliquot 
samples were used for all analyses. 

The salt solution consisting of 129 mM NaCl + 25 mM NaHCO; was warmed 
to 38° and injected intravenously by gravity through the femoral vein at a 
speed of 40 ce. per minute. The injection required about one hour, and 30 
minutes later the second sample of blood was withdrawn, and the opposite 
rectus abdominis muscle removed for final analyses. 


1 This communication is a portion of a thesis submitted by Alice Childs in partial ful- 
fillment for the degree of Doctor of Philosophy in Medicine at the University of Chicago. 
A preliminary report has appeared. (Proc. Am. Soc. Biol. Chem. 1942.) 
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The peritoneal fluid, amniotic fluid and allantoic fluid were then removed. 
Special care had to be taken in removing first the fluid from the allantoic sae 
and then the fluid from the amniotic sac surrounding each fetus. The procedure 
was as follows: An incision was made along the mid line of the dog and the 
horns of the uterus were exposed. After an incision was made through the wall 
of the uterus the allantoic sac surrounding a fetus was visible. With a needle 
and syringe the fluid from the sac was removed, after which the allantoic mem- 
brane was stripped away and the membrane surrounding the amniotic sac was 
exposed. This membrane was wiped with gauze and the amniotic fluid removed 
with needle and syringe. Each fetus was treated in this manner. In late 
pregnancy, the volume of allantoic fluid around each fetus was generally larger 
than that of the amniotic fluid. Each dog carried from 5 to 7 fetuses. For 
analysis, all of the fluid was removed from each of the individual sacs and mixed 
together. 

There is a well developed allantois in the dog which is present through the 
entire gestation period so that both amniotic and allantoic fluids are available 
for study. According to the investigations of Bremer (1) the allantois is largest 
in those animals in which the fetal circulation is less intimately in contact with 
the maternal circulation and in which the mesonephric glomeruli are well 
developed and active. On this basis the dog is classified midway between the 
pig and man. 

The study included: (1) 10 pregnant dogs from which blood, muscle, and 
fluids were analyzed; (2) 10 pregnant dogs receiving intravenous injections of 
170 ec. per kilo of body weight of an isotonic salt solution consisting of 129 mM 
of NaCl + 25 mM of Na HCQs. 

Chemical methods. The following determinations were made on serum: pH, 
COs, water, protein, chloride, sodium, potassium, calcium and magnesium; on 
blood: hematocrit, water, chloride, sodium and potassium; and on amniotic 
and allantoic fluids: water, protein, chloride, sodium, potassium, calcium and 
magnesium, All analyses of serum and fluids were made in duplicate, all muscle 
analyses in triplicate. All tissue analyses were calculated on a fat-free, blood- 
free basis. The fat was determined as described in a former paper (2). The 
amount of the circulatory space of the blood in the muscle was determined by 
the colorimetric comparison of the amount of hemoglobin in the muscle with 
that of the whole blood taken as nearly simultaneously as possible, which was 
used as the standard (3). Procedure: Two grams of minced muscle were trans- 
ferred to a 25 ec. volumetric glass-stoppered evlinder. Three-tenths cubic centi- 
meter of a thirty-three per cent ammonium hydroxide was added and the mix- 
ture made up to volume with water and placed in a 2° to 5° ice box overnight. 
The mixture was then filtered through no. 40 Whatman filter paper into a flask. 
Three drops of concentrated hydrochloric acid were added to the clear filtrate 
while being shaken. The flask was stoppered and allowed to stand at room 
temperature for 1 hour. The acid hematin produced was read in a colorimeter 
against that produced from 0.5 ec. blood made to 100 ce. volume with 0.1 N HCI. 
The value for the circulating space so obtained is high because some muscle 
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hemoglobin as well as blood hemoglobin is extracted. It is interesting to note 
that the value obtained for the vascular space in muscle from pregnant dogs 
ranged from 72 ec. to 114 ce. per kilo of muscle with a mean of 91 ec. per kilo 
while the mean circulatory space of muscle from non-pregnant dogs was 71 cc., 
o + 11 per kilo. The chemical methods for blood, fluids, and muscle wer 
essentially the same as those described in previous papers (2, 4, 5). 

Calculations. The volumes of extra and intracellular phases of muscle were 
calculated as outlined in the first paper of this series (6). The extracellular 
phase (Ff) in grams per kilo of muscle, 


(CD x (H,O), 1000 
1.04 X (Cl), 


in which subscripts .V and s represent muscle and serum, respectively. From 

the values for (/) the intracellular phase (C) per kilo was estimated by the 

equation (C) = 1000 — (Ff). From the values for (C) the intracellular wate: 
TABLE 1 


Water and electrolyte content of blood serum and cells in late pregnancy 


The concentrations are expressed per kilo of serum, and per liter of cells. 


SERUM CELLS 
Mean a Mean o 

7.29 0.05 
CO2, mM... ‘ 21.99 2.1 
Water, gm. 927.0 3.9 714.4 12.3 
Chloride, m.eq 108.5 1.9 60.0 5.8 
Sodium, m.eq...... 137.9 2.8 97 .0 9.0 
Potassium, m.eq. 4.30 0.50 2.3 
Calcium, m.eq.... 4.36 0.10 
Magnesium, m.eq... 2.58 0.68 
Cell volume? ... 31.9 3.0 
NPN, gm..... 0.26 0.07 
Protein, @m........ 54.1 4.3 

o = Standard deviation. 

+ = cubic centimeter per 100 cc. 
(HsO)>- was estimated by the equation (H2O)¢ = (C) — (S) in which (S) repre- 
sents solids per kilo of muscle. 

RESULTS AND pDiscussION. Analytical data on serum, blood, and muscle of 


pregnant dogs. Values for constituents of serum and cells. A summary of the data 


obtained from the analysis of serum and the cells of 10 dogs in late pregnancy 
is presented in table 1. The cell values were obtained by the indirect analyses 
of whole blood. The differences between these data and those from normal 
dogs are a lower calcium in the serum, and a low cell volume. All other 
values fall within the range of normal findings. The value of 31.9 + 3.0 for 
cell volume may be the result of the increased blood volume that generally occurs 
in pregnancy (7). Although the blood volumes of these dogs were not deter- 
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mined, the determined average circulatory space in the rectus abdominis muscle 
was 30 per cent larger than in normal dogs, indicating an increased blood volume. 

Values for constituents of muscle. In table 2 are the analytical and caleu- 
lated data on serum and muscle from both non-pregnant and pregnant dogs. 
The relative proportions of extra and intracellular phases of muscle were caleu- 
lated from the experimental data and by the foregoing equation. From these 
data the percentage of water per kilo of muscle cells (H»O)> was also calculated. 
In view of the physical changes that occur in pregnant animals it is interesting 
to note that the concentration of the serum and muscle constituents of pregnant 
dogs was not different from that of normal dogs. Also, the distribution of 
fluids in the skeletal muscle was alike. 

Conclusion: Fat-free, blood-free skeletal muscle of dogs in late pregnancy 
consists of an extracellular phase amounting to an average of 15 per cent and 
an intracellular phase amounting to 85 per cent of the muscle. These values 


TABLE 2 


Average analyses of skeletal muscle and serum from non-pregnant and pregnant dogs 


H20 Cl Na K BLOOD F ¢ 
gm. per mM per | mM per mM per | cc. per gm. per gm. per 
kem kem kem kgm, kgm kem kem. ce 
Non-pregnant (20) Serum | 922.0 | 107.1 | 141.2 | 3.95 
o §.1 2.3 3.5 0.40 

Muscle 775.0 18.41 29.0 98.4 71 154 | 225 736 

o 8.6 3.6 6.0 7.5 11 19 8.6 9 
Pregnant (10) Serum 927.0 | 108.5 | 137.9 4.30 
3.9 1.9 2.8 0.50 

Muscle 776.4 18.21; 24.4 | 99.2 | 97 154 | 223 737 

o 6.4 3.4 4.8 6.0 29 31 6 8 


o = Standard deviation. 


were the same as those found in non-pregnant dogs (fig. 1). In other words, 
there was no edema, either extra or intracellularly, in the skeletal muscle of 
the pregnant dogs. 

Increase in total body water by the injections of normal isotonic salt solutions. 
In table 3 is presented the average water and electrolyte distribution in serum 
and muscle of pregnant dogs before (control) and following (experimental) the 
increase in total body water. Preceding the acute edema, both the blood serum 
and muscle picture were like that of non-pregnant dogs. Also, the analytical 
data of the experimental muscle following the injection of 170 ce. per kilo body 
weight of a solution containing 25 mM of NaHCO; + 129 mM of NaCl per 
liter, are given. From these experimental results the changes of the original 
muscle phases on the basis of a constant solid content of the intracellular phase 
were calculated. Such a calculation gave an average increase of 53 grams, 
o + 20 grams per kilo of original muscle of which 45 grams, o + 20 represent 
an increase in the extracellular phase and 8 grams, o + 10, an increase in the 
intracellular phase. 
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In non-pregnant animals receiving the same injection, the average increase 
in the total original kilo of muscle was 49 grams, o + 8; the average increase 
of the extracellular phase was 53 grams, o + 18. These findings are shown 
graphically in figure 1. 

Therefore, in these experiments in which the total body water of the pregnant 
animal was increased by the intravenous injection of normal isotonic saline, 
there was no indication of an influence of pregnancy on the amount of acute 
edema formed in the skeletal muscle. 

Although this pregnant organism contained two distinct gestation sacs filled 
with fluids, the skeletal muscle fluid distribution was the same as in normal dogs. 


TABLE 3 
Changes of water and electrolytes in serum and muscle of pregnant dogs after injection of normal 
isotonic sodium chloride solutions 


Solution = 129mM NaCl + 25mM NaHCO;. All concentrations are expressed in units 
per kilo. 


ONTROI EXPERIMENTAL 
Mean Me 
Serum pH 7.39 0.05 7.44 0.07 
CO., mM 21.99 | 22.31 1.4 | 
Water, gm. 927.0 3.9 951.2 6.7 
Cl, m.eq. 108.5 1.9 115.4 2.4 
Na, m.eq. 137.9 2.8 144.4 2.6 
K, m.eq. 4.30 0.50 3.20 0.53 
Muscle Water 776.4 6.4 788 .2 9.5 
Cl, m.eq. 18.21 3.4 22.69 4.6 
Na, m.eq. 24.4 1.8 32.9 5.8 
KX, m.eq. 99.2 6.0 89.9 1.0 
Blood, ce. 97.3 29.7 87.7 10.9 
(F), gm. 154.0 31.0 187 42 
gm. 737.0 8.0 739.0 6.7 
(S), gm. 223 6.0 211 7% 
o = Standard deviation. 


In table 4 are given the average analyses of all fluids as removed from the preg- 
nant dog. The peritoneal and amniotic fluids are somewhat alike and their 
constituents have small deviations. The allantoic fluid is entirely different, 
with its constituents having large deviations. Since the allantoic fluid when 
compared with the other fluids had a very high concentration of potassium, it 
was expected that the concentration of potassium in the muscle cells of the 
pregnant dog might be lower than that found in the muscle of the non-pregnant 
dog. Table 5 shows this is not true. Both the analytical and derived data 
with standard deviations for 10 dogs for the distribution of potassium in serum, 


fluids and skeletal muscle of normal and pregnant dogs are given. 
The concentration of potassium in (Ff) was estimated from the concentration 
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in serum water by means of the Hastings et al. and Greene et al. factor (0.95 
(8,9). From the amount of estimated phases per kilo of muscle and the caleu- 
lated concentration of the potassium in the extracellular fluid, the concentration 
of potassium in the intracellular phase can be derived by subtracting the extra- 
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Fig. 1. Extracellular phase (7), intracellular water (H:O)- and solids (S before 
and after experimental procedure. The first column in each pair presents the average 
original data and the adjoining column the average final data from a group of normal and 
pregnant dogs. A M represents the absolute change in 1 kilo of muscle; A F and A C, 
o the absolute change in the extra and intracellular phase per kilo of original muscle re 
a spectively; (F), and (F);, grams of extracellular phase per kilo of muscle, originally and 
. finally, respectively; (H2O)-; and (H.2O).;, grams of intracellular water per kilo of musele, 
y originally and finally, respectively; (S);-:, grams of intracellular solids per kilo of muscle, 
n originally. 
t 
€ cellular potassium from the total tissue potassium. The concentration of potas 
t sium per kilo of muscle cells was caleulated by dividing the intracellular potas- 
a sium by the intracellular phase volume, and the concentration of potassium in 
1, the intracellular water by dividing the intracellular potassium by the volume 
of intracellular water. The potassium concentrations in the skeletal muscle 
n are given per kilo of intracellular phase (C) and also per kilo of cell water (HO) ¢. 
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TABLE 4 


The distribution of electrolytes between serum, peritoneal fluid, amniotic fluid 
and allantoic fluid 


SERUM PERITONEAL FLUID AMNIOTI FLUID ALLANTOI 
Mean Mean Mean Mean 
Water, grams per kilo 927.0 | 3.8 | 985.0/ 1.7 | 984.9; 1.9 | 977.6 
Cl, m.eq. per kilo water 117.0 | 1.9 124.4 | 2.2 113.2 | 2.5 60.7 
Na, m.eq. per kilo water ..| 148.7 1+2.8 152.2 | 6.8 141.2 | 5.3 97.8 
K, m.eq. per kilo water...... 1.64 0.50 3.47) 0.58 4.27 0.73 48.1 
Ca, m.eq. per kilo water.... 4.71 0.10 6.02 0.48 3.78 
Mg, m.eq. per kilo water 2.78 0.68 2.32) 0.74 3.20 
Non-protein nitrogen, grams per 
kilo water. ... 0.28 0.07 0.19 0.03 0.37 0.11 1.47 
Total protein, grams per kilo 
water §8.4 | 4.3 8.4/3.2 3.55) 1.6 1.42 
TABLE 5 
Distribution of potassium between blood plasma and muscle phases 
NON-PREGNANT PREGNANT 
Serum: 
Per kilo... 4.09 4.30 
0.19 0.50 
Per kilo H,O. 1.41 4.66 
0.24 0.58 
Per kilo interstitial fluid...... = 4.19 4.42 
0.18 0.50 
Vuscle: 
Per kilo 97.1 100.9 
5.3 
In (F 0.54 0.60 
o.. 0.15 0.12 
In (C) P 96.6 100.3 
7.5 §.3 
Per kilo (C) 110.5 118.1 
7.0 4.4 
Per kilo (H.O)c¢...... 151.0 160.4 
9.0 6.1 


The results show that the potassium concentrations in the pregnant muscle are 
not different from those found in the non-pregnant muscle. 

It is apparent, therefore, from a comparison of the data on non-pregnant 
dogs with those from the pregnant dogs that there is no edema of the skeletal 
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muscle in normal pregnancy, and if additional water is added to the pregnant 
organism it is distributed as in the normal non-pregnant animal. These find- 
ings substantiate the results of Chesley and Chesley (10) that in the normal 
pregnant woman, the extracellular water of the body was not excessive. There- 
fore, since edema does not accompany normal pregnancy, the findings in our 
dogs are in agreement with clinical experience. 

It might have been reasonable to expect a shift in the distribution of the fluid 
in the skeletal muscle to provide for the extra volume of fluids filling the amniotic 
and allantoic sacs surrounding the fetuses. This was not verified. The nega- 
tive findings again demonstrate the constancy with which the fluid of the muscle 
is distributed. 


SUMMARY 


1. Analyses have been made of the water and electrolytes of blood, muscle 
and the gestation fluids from a group of 10 dogs in the late weeks of pregnancy. 

2. The investigation of the water and electrolyte distribution between blood 
and skeletal muscle of dogs in late pregnancy revealed the following: 1, the 
skeletal muscle consists of an extracellular phase amounting to an average of 
15 per cent and an intracellular phase amounting to an average of 85 per cent 
of the muscle. These values were the same as those found in non-pregnant dogs; 
2, after an increase in total body water produced by the intravenous injection 
of large volumes of normal isotonic salt solution, the amount of acute edema 
produced in the skeletal muscle was not different from that found in the non- 
pregnant organism. 

3. There is, in these experiments, no indication of an influence of normal 
pregnancy upon the distribution of fluid in skeletal muscle and consequently 
no evidence for the occurrence of edema as a result of this state. 
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It is well established that denervation of skeletal muscle causes a sensitization 
to various drugs which increases for about a week and remains until the nerve 
regenerates. Although the effect of acetylcholine on denervated muscle has 
been the chief object of study in this respect, Dale and Gasser (1926) have 
shown that potassium chloride, nicotine and various other substances will pro- 
duce typical contractures. 

As an explanation of the phenomenon of sensitization in sympathetic ganglia, 
Cannon and Rosenblueth (1936) suggested that denervation increased the per- 
meability of the cell membranes. Due to the increased permeability a chemical 
agent would have readier access to the interior of muscle fibers, for example, 
and thus produce its effect at lower concentrations than in normal muscle. 
This view has been criticized by Lee (1939, 1940) who was able to show that in 
the toad the amount of potassium in excised skeletal muscle varied inversely 
with the sensitivity. He suggested that altered sensitivity was due to an in- 
herent change of irritability attendant on an altered concentration of a certain 
ion (KX). It is questionable, however, whether the condition found in excised 
muscle represents that found in the intact animal. 

The following experiment was designed to compare the permeability of de- 
nervated and normal skeletal muscle to radioactive potassium. As Noonan ef al. 
(1941b) have shown, simple transection of the sciatic nerve in rats Causes a great 
increase in the rate of penetration of potassium chloride, presumably due, at 
least in part, to increased blood flow through relaxed vessels. In order to lure 
out the circulatory effect it was necessary to denervate the muscle without in- 
juring the vasomotor nerve fibers. Since the gray rami of the abdominal sympa- 
thetic chains join the lumbar spinal nerves peripheral to the dorsal root ganglia 
(see Schifer, 1900, p. 631) it is possible to leave these rami intact by cutting 
the dorsal and ventral nerve roots close to the spinal cord within the vertebral 
canal. 

Adult albino rats were anesthetized with nembutal, and the dorsal surface of 
the fourth, fifth and sixth lumbar vertebrae removed, exposing a portion of the 
cauda equina. The left dorsal and ventral roots of the respective lumbar nerves 
were then cut, thus completely denervating the left gastrocnemius muscle (see 
Green, 1935, p. 130). Although no effort was made to maintain strict aseptic 
conditions, the animals recovered with no untoward effects. 

As tests for the results of this operation on the control of the blood supply 3 
rats (nos. 1, 2 and 6) were picked at random from the operated group. The 
following test was carried out 17 days after the operation in rats 1 and 2, and 
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14 days after the operation in rat 6. The animals were anesthetized with 
nembutal and the left sciatic nerve exposed in the region of the thigh. A 
thermocouple was closely applied to the sole of the paralyzed foot and connected 
with a delicate galvanometer. Stimulation of the sciatic nerve with faradie 
current caused a drop in the temperature of the foot, indicating that the nervous 
control of the blood supply was uninjured. Stimulation of the sciatie nerve of 
normal rats produced the same result. However, during stimulation, some of 
the leg muscles of the operated animals (not including the gastrocnemius) under- 
went weak contractions and the leg muscles of normal animals responded with 
the usual strong tetanus. In order to rule out the effects of muscle tension on 
the circulation, 2 other operated animals were sacrificed in the tollowing ex- 
periment. 

One week after the denervating operation the animals were anesthetized with 
nembutal and artificial respiration was applied. The test for the decrease of 
foot temperature on the denervated side was then carried out. After establish- 
ing the decrease in temperature brought about by stimulation, curare was in- 
jected intravenously. When the sciatic was stimulated the temperature of the 
foot decreased in the same manner as before, in the absence of any movement 
by the leg muscles. Normal rats reacted in the same manner under identical 
treatment. It was therefore established that the denervating operation had 
caused no injury to the nervous control of the blood vessels of the leg 

In testing the permeability of normal and denervated muscles to radioactive 
potassium the animals were anesthetized with nembutal and both hind legs 
skinned to above the knee joint. The skin was then replaced so that the muscles 
were covered. One or 2 ce. of a 1.3 per cent solution of sodium-free radioactive 
potassium chloride was injected intraperitoneally, and, after a given period had 
elapsed, both hind legs were removed above the knee. The gastrocnemius 
muscle of each leg was quickly dissected and frozen in solid carbon dioxide. 
Each muscle was cut into small pieces in a frozen condition and ground with 
sand. The proteins were precipitated with trichloroaecetic acid, and the mixture 
filtered. The filtrate was evaporated and the radioactivity measured with an 
electroscope. The results of the experiment are shown in the table. The fifth 
column refers to the time between the injection of the potassium and the removal 
of the legs. 

Although there is great variation in the amount of radioactive potassium 
taken up by the muscles, and also a large variation in the proportion of radio 
activity in each pair of muscles, it is apparent that within the short period of 
from 2 to about 9 minutes after injection the denervated gastrocnemil exchanged 
on the average over twice as much radioactive potassium as the normal muscle 

On the other hand, rats 15 and 16 show that if the radioactive potassium 
remains in the body for 4 hours there is proportionately less radioactive sub- 
stance in the denervated than in the normal muscle. Noonan ct al. (1941a) 
have shown that penetration of radioactive potassium into muscle is complete 
in about 4 hours. Since the exchange of radioactive and inactive potassium was 
complete in rats 15 and 16 there must have been originally less potassium pet 


3 
e 
1 
4 


TABLE 1 
Penetration of radioactive K in denervated muscle 


RADIO 
TIME AFTER | AMOUNT IN TIME IN WEIGHT OF ACTIVITY® 
OPERATION JECTED BODY MUSCLE IN WHOLE 

MUSCLE 


RADIO RADI 
ACTIVITY PER ACTIVITY PER 
GRAM GRAM L/R 


minule 


2.0 de 15.4 21.4 
8.1 


9.0 


Average L/R. 


* In arbitrary units. 


day ce grams 
] L 19 2.0 2 64 
R 
2 L 19 1.0 2.0 0.70 1.0 5.7 1.42 
R 1.01 1.0 1.0 
3 L 8 2.0 2.5 0.87 4.5 5.2 2.26 
R 1.06 2.5 
{ L 18 2.0 3.0 0.80 8.8 11.0 2.30 
R 1.61 7.8 
5 L 16 1.0 3.0 0.79 16.8 21.2 1.42 
R 1.40 20.9 14.9 
6 L 16 1.0 1.0 0.65 15.7 24.2 2.64 
R 1.25 11.5 9.2 
7 L 31 1.0 a) 0.48 7.0 14.6 3.10 
R 1.56 7.4 1.7 
S L 17 1.0 1.1 0.61 3.7 6.1 2.03 
R 1.61 $1.9 3.0 
9 L S 2.0 1.5 1.08 23.2 21.5 L Zo 
R 1.20 14.7 12.3 
10 L 7 1.0 1.5 1.34 16.9 12.6 1.78 
R 1.71 12.1 
11 L 1] 2.0 5.0 0.94 38.3 40.7 2:32 
R 1 17.5 
12 a's 11 1.0 5.0 0.81 17.3 21.3 1.83 
R 1.15 13.4 11.6 
13 L 31 1.0 5.0 0.50 8.6 17.4 1.97 
R 1.76 15.5 8.8 
14 L 18 1.0 8.75 0.50 10.0 20.0 2.86 
R 1.65 11.5 10 
Average L/R. 2.16 
15 L 13 1.0 243 0.84 32.0 38.0 0.79 
R 0.71 34.0 48.0 
16 L 11 1.0 240 1.11 36.3 33.0 0.85 
; R 1.63 63.3 39.0 
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gram of tissue in the denervated than in the innervated muscle Chis i 
agreement with the observations of Hines and Knowlton (1933) and of Le 
1939). Evidently the greatly increased rate of penetration mto denervated 
musele within the first few minutes after Injection occurs in spite of the fact that 
there 1s proportionate], less potassium within the muscle with which the radio 
active potassium can exchange 

Apparently, then, a muscle which has been denervated for more than a week 
heeomes more permeable to ions. Since denervation also causes an increased 
sensitivity to potassium, it is possible that the sensitivity is due to the increased 
permeability. 


SUMMARY 


One week or more after the operation the rate of penetration of radioactive 
potassium into the denervated gastrocnemius muscle of rats was found greates 
than in the control muscle. Since the sensitivity of denervated musel 
tassium increases 3 or more days after denervation it is suggested that the in 


creased sensitivity is a result of the greater permeability 
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It was shown by Koch (1932) that carotid sinus reflexes have a profound in 


fluence on the excitability of the central nervous system. Increase in intrasi 
nusal pressure causes sleep in unanesthetized dogs and tall in pressure leads to 
signs of a general increase in excitability. Observations by Gellhorn, Darrow 
and Yesinick (1939) showed the applicability of this phenomenon to the study ot 
convulsions. ‘These authors showed that adrenalin in minute quantities inhibits 
metrazol convulsions and that this effect depended on the presence of the carotid 
sinus and depressor nerves. 

The present paper reports experiments in which a further attempt was made to 
study the relationship between the depressor reflexes and convulsions. Two 
problems were investigated: 

1. The effeet on convulsions of carotid sinus stimulation induced by altera 
tions in intrasinusal pressure. 

2. The effect of convulsions on the carotid sinus pressor reflexes. 

Merruops. The experiments were performed on narcotized cats and dogs 
(chloralose SO-100 mgm./kilo). The convulsions were recorded mechanically 
from the hind leg by means of two tambours and the blood pressure was recorded 
from the carotid artery. Metrazol, strvchnine, camphor, picrotoxin, corvamyr- 
tin’, and absinth were used as convulsant drugs. In some experiments it was 
found useful, in order to insure regularity of the convulsions, to use subconvul 
sive concentrations of the drug and to apply mild electric shocks to the chest and 
shoulder region. These shocks produced only local contractions in the animal 
before the convulsant drug was given, but they were adequate to elicit and 
maintain generalized convulsive movements after the drug had been adminis- 
tered. This procedure was used particularly in experiments with strvehnine and 
camphor. The experiments were performed in 1939 and recently repeated with 
an improved technique for the recording of convulsions. “The convulsing limbs 
were attached to the input electrodes of a push-pull amplifier. Any motion ot 
the electrodes at their point of attachment to the skin caused a contact potential 
Which was roughly proportional to the intensity of that motion and, therefore, 
served as a good indicator of the intensity and frequeney of the convulsions under 
various conditions. 

Resuuttrs. 1. The fluence of depre ssor reflex s on convulsions. The first 
group of experiments deals with the effeet of clamping of the carotid arteries 
helow the bifureation on chemically induced convulsions. The results were 
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uniform showing that clamping of the carotid arteries caused an intensification 
of the convulsions. ‘This is particularly marked in those experiments in which 
subconvulsive concentrations of drugs such as metrazol or picrotoxin were given 
or in which the experiments were performed after overt convulsions had ceased 
completely. Figure 1 shows three records of such experiments in which the 
clamping of the carotids caused the convulsions to reappear. The quantitative 
relations as illustrated in figure | are of interest. The first graph shows that 
about 15 seconds following the ligation of the carotid arteries convulsions ap- 


peared and persisted for about 15 seconds after the arteries had been released 


4s 


Fig. 1. Effeet of clamping of carotids on convulsions fand B. Dog, 10 kgm.; chl 


lose, SOQ mgm. kgm. intravenously Bilateral vagotomy Blood pressure recorded 
femoral artery Artificial respiration. Convulsions recorded from the hind leg 
vulsions had been elicited three hours earlier by injection of 6 mgm pIerotonin 

1. 20-21. Both carotid arteries clamped for 30° seconds 22. 22 seconds after 
release of the earotids Note after discharge of convulsions 

B. 38-39 Clamping of earotids for 90 seconds No after discharge of convulsions 
Phe two parts ol Bin the record of convulsions are continuous 

C. Dog, 7.3 kgm.; operation and procedure as above L4—Lb Both carotid arteries 


clamped for 30 seconds Severe convulsions eensing a tew seconds ifter release of carotids 


Comparing the blood pressure record with that of the convulsions an interesting 
parallelism appears between convulsive activity and changes in blood pressure 
resulting from the clamping of the carotids. In the first blood pressure record 
of figure 1 it is seen that after the release of the carotids a secondary rise of the 
blood pressure occurs and that only hereafter the blood pressure falls to its 
original level. It is at the end of this secondary rise of blood pressure that the 
convulsions cease abruptly (ef. discussion ). 

The second graph of figure | is obtained from the same animal, sometime lates 
The carotids are clamped for 90 seconds and convulsions appear after a conside 
able latent period. They are maintained during the second half of the period 
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during which the pressure in the carotid sinuses was lowered. The convulsion 
cease shortly before the clamps are removed (i.e., shortly before no. 39) at a time 
when the blood pressure begins to fall. 

The third record obtained from another animal under similar conditions j 
characterized by a much greater pressor reflex than had been seen in the first 
and second graph of figure 1. During the period of clamping convulsions © 
great intensity occur. As the blood pressure falls abruptly in a few seconds aft. 
the removing of the clamps (no. 45) the convulsions disappear. 

In other experiments in which convulsions were present prior to the ligation o 
the carotids the convulsions were increased in intensity during the time of the 
rise in blood pressure resulting from the Clamping of the earotids. The experi 
ments indicate a parallelism between the intensity and duration of sympathet ir 
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Fig. 2 
ce/kgm. Blood pressure recorded from carotid artery Artificial respiration. Con 


Effect of amyl nitrite on convulsions. D. Dog, 4 kgm.; Dial in urethane 0.5 


vulsions recorded from the hind leg. Strychnine 0.1 mgm. kgm. intravenously. Mechani 
cal stimulation of the chest by a pendulum. 19-20, inhalation of amyl nitrite for 45 seconds 
27,1 min. later. Note maximal convulsions occurring with maximum fall in blood pressure 


impulses as shown by the rise in blood pressure following the clamping of the 
carotids and the intensity of convulsions. 

If it is correct, as the experiments described in figure | suggest, that a fall in 
blood pressure in the carotid sinus gives rise to central sympathetic discharges 
which greatly intensify convulsions, it is probable that other factors leading to a 
fall in pressure in the carotid arteries will likewise augment the intensity of con- 
vulsions. This is illustrated in figure 2 in which the fall in blood pressure 
elicited by inhalation of amyI nitrite called forth very intensive convulsions. — It 
is significant that during the first phase of moderate fall in blood pressure the 
convulsions remained unchanged. Only on further fall in blood pressure are the 
convulsions greatly aggravated. When the administration of amyl nitrite is dis- 
continued the convulsions remain augmented as long as the fall in blood pressure 
continues. Then they return rapidly to the original level. 

On the basis of the experiments described thus far and in view of the work of 
Gellhorn, Darrow and Yesinick, it was thought probable that alteration in pos- 
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ture leading to variations in intrasinusal pressure may alter the intensity of the 
convulsions through the depressor reflexes. Figure 3 shows two records demon 
strating the influence of increased pressure in the earotid sinus on convulsions 
In the first record a cat showing strvechnine convulsions was tilted into a head 
down position of 45° for 15 seconds. The convulsion decreased in intensity al 
most instantaneously. When the cat was returned to the horizontal position 
they increased slightly and showed two minutes later the same intensity as was 
observed prior to the tilting. The earotid pressure rose 20 mm. during the tilt 
ing period. In the second experiment of figure 3 the cat was tilted into the same 
position for 30 seconds. The convulsions decreased gradually in intensity during 
the tilting and ceased completely at the end of the 30 second period. One and a 
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Fig. 3. Effect of tilting into head down position on convulsions. Cat, 3 kgm.; Dial in 
urethane 0.5 ce. kgm. intraperitoneally; artificial respiration. Blood pressure recorded 
from the carotid artery. Convulsions recorded from the hind legs. . Strychnine 0.2 mgm 


kgm. intravenously 
A. 3-4, eat tilted into head down position, angle 45° for 15 seconds 5, 2 minutes after 


return to horizontal position. Blood pressure before 3, 102 mm. Hg, between 3 and 


22 mm. Hg, and at 5, 100 mm. Hg 

B. Same animal. 16-16, cat tilted into head down position, angle 45° for 30 seconds 
I6a, 14 minutes later and 17,5 minutes later. B. P. before 75, 119 mm. Hg, between 14 and 
16,138 mm. Hg, and at 17, 114mm. Hg 


half minutes later (no. 16a) the convulsions were still markedly depressed but 
after five more minutes (no. 17) had returned to approximately the original 
level. Similar results were obtained in numerous experiments on cats and dogs 
subjected to various convulsant drugs. 

A series of experiments was performed in which cats and dogs injected with 
metrazol, picrotoxin and other convulsant drugs were brought into the opposite 
position (“feet down” at an angle of 45°). The changes produced in the convul 
sions under these conditions were only slight or absent. Whenever changes were 
observed they were opposite to those obtained on tilting into the head down 
position. 

The effeet on convulsions of tilting the animal into the “head down” or “feet 
down” position, the effeet of amyl nitrite and of clamping of the carotid arteries 
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Was tentatively related in the previously described experiments to the action ot 
these procedures on the depressor reflexes of the sino-aortic areas. It was, 
therefore, necessary to study the influence of these factors on convulsions in 
animals in which the vagi had been cut bilaterally and the carotid sinuses had 
heen denervated. 

Figure 4a shows that in such animals tilting into the head down position had 
an effect opposite to that obtained in animals with normal pressure reflexes 


The picrotoxin convulsions which had disappeared prior to the tilting reappeared 


when the dog was tilted into the head down position for 45 seconds. The etieet 
was reversible when the animal was returned to the horizontal level. In othe: 
experiments similar effects were obtained although of varving intensity. Tilting 


Fig. 4. Effeet of tilting and of clamping of carotid arteries on picrotoxin convulsions in a 
dog deprived of the vagi and carotid sinuses. Dog, 8 kgm.; chloralose SO mgm. kgm 
intravenously. Blood pressure recorded from the femoral artery. Bilateral carotid sinus 
denervation and vagotomy Convulsions recorded from hind leg Picrotoxin 0.3) ce 
0.3 per cent 

A. 50, animal in horizontal position; no convulsions. 57, Animal tilted 45°, head down 
for 45 sec. Note appearance of convulsions. 42, return to horizontal position. 43, same 
condition as in §2 


B. Same animal 43, control; 44, clamping of carotid arteries. No change in con 


vulsions 45, release of carotid arteries Records 43 to 45 and 50 to 53 are continuous 


the animal into the feet down position caused in some experiments decrease or 
disappearance of the convulsions particularly when the fall in blood pressure was 
great. In other instances no changes were observed. Clamping the carotids 
caused no significant changes in intensity and frequency of the convulsions in 
animals deprived of the carotid sinus reflexes (fig. 4b). Experiments of the type 
shown in figure 4b are particularly significant since very slight convulsions are 
greatly aggravated by clamping of the carotid arteries when the pressure recep 
tors are intact. 

The observations indicate that after elimination of the pressure receptors of 
the sino-aortic areas procedures which in the intact animal modify the intensity 
of convulsions have either no influence on them or show a reversal of the usual 


effeets. 
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IIT. The influence of lsions On pressure flexes. The experiments de 
scribed thus far indicate that the depressor reflexes have a powerful influence on 
the intensity of convulsions. In view of these facts, it seems to be of interest to 
investigate whether under conditions of convulsions induced by various convul 
sant drugs, the intensity of the carotid sinus reflexes is altered For these pul 
poses, experiments were performed on the influence of tilting on the blood 
pressure before and during convulsions. typieal experiment is shown in 
figure 5 from which it is evident that the blood pressure change on tilting into 
the “head down” as well as into the “feet down” position is greatly redueed in 
the convulsant animal. Whereas the tilting in the “head down’ position 
cnxused a blood pressure rise of about 20 mm. in the non-convulsant animal, the 
blood pressure remained practically unchanged during the metrazol convulsions 
in the same posture. The tilting into the “feet down” position caused a fall in 
blood pressure which was maintained as long as this position existed, but the 
same change in position did not cause any maintained fall in blood pressure in 
the convulsant animal. The blood pressure fell only for a short period of time, 


then rose to the initial level. Sueh fall and rise of blood pressure is seen repeat 


Fig. 5. Cat, 2.2 kgm. Blood pressure from the carotid artery. 45-6, head down (angl 
15°) for 60 see. 7 


8, feet down (angle 45°) for 45 see. Convulsions induced by metrazol 
0.12 gram intravenously ) 13-14, head down; 15-16, feet down, as above 


edly in the feet down position. In other experiments it was found frequently 
that the blood pressure fall on tilting into the feet down position amounted only 
to 25 or 33 per cent of the fall seen in the same position betore the convulsant 
drug was injected or after the convulsions had ceased. 

These experiments suggest that during the convulsions the blood pressure 
regulating reflexes are intensified. 

Discussion. The experiments reported in this paper show that conditions 
leading to increased sympathetic discharges following a decrease in pressure in 
the sino-aortic area increase the intensity of existing Convulsions or cause convul 
sions to reappear which had ceased spontaneously. — [t is interesting to note that 
the blood pressure change itself is not the all important factor but the pressure 
in the carotid sinus. This is evident from the fact that amyl nitrite which 
causes the systemic blood pressure to fall as well as clamping the carotids inten 
sifies con\ ulsions although the blood pressure rises in the latter case Obviously, 
the increased depressor discharges originating In the areh of the aorta as thi 
result of the raised svstemic pressure following the clamping of the carotids can 
not offset the effeet which the greatly lowered pre=sure has On the receptors in 
the carotid sinus. 


How effective this increased svmpathetic discharge is was seen in experiment 
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in which repeated clamping of the carotids caused not only a reappearance ot 


convulsions during the periods of lowered carotid sinus pressure but also a per 


sistence of these convulsions for many minutes. Furthermore, the first record 
of figure 1 shows an after discharge of the convulsions which persists for about 
10 seconds after the release of the carotid arteries. During this time the svs 
temic blood pressure shows a secondary rise in spite of a rise in intrasinusal pres 
sure resulting from the release of the carotids. This suggests that Increased 
sympathetic after discharges are responsible for the persistence of the autonomic 
changes (rise in blood pressure) as well as for the continuation of increased dis 
charges in the somatic nervous svstem (convulsions). The autonomic after 
discharges are apparently related to the intensification of the carotid sinus re 
flexes which occurs during convulsions. 

In an earlier study (1939) it was shown that adrenalin inhibits convulsions in 
the normal animal but fails to show this effeet after denervation of the sino 
aortic area. Similarly, it was shown in the present investigation that the typical 
effects on convulsions resulting from tilting, amyl nitrite, and clamping the 
carotids were either absent or reversed after bilateral vagotomy and denervation 
of the carotid sinuses. Either the vagi or the carotid sinuses were sufficient to 
regulate the intensity of the convulsions indicating that the pressure receptors ot 
the carotid sinuses as well as those of the aortic arch are involved in this reaction. 

The fact that tilting into the “head down” position increases the intensity of 
convulsions when the pressure receptors had been eliminated but diminishes o1 
abolishes convulsions in the normal animal suggests that the effeets on them in 
the normal animal are not due to changes in brain circulation. Since in animals 
without pressure receptors tilting into the ‘head down” position augments con- 
vulsions it must be concluded that increased cerebral circulation itself intensifies 
convulsions, but this effect is overeompensated by the inhibitory impulses origi- 
nating in the pressure receptors. The earlier studies of Gellhorn, Darrow and 
Yesinick (1939) had led to similar conclusions. 

It will be the task of further investigations to determine where and how the 
pressure receptors influence brain potentials of convulsant animals. 


CONCLUSIONS 


The effect of tilting, clamping the carotids and amyl nitrite on convulsions 1s 
determined in anesthetized eats and dogs before and after elimination of the 
pressure receptors. [It was found: 

1. Lowering of the carotid sinus pressure by clamping the carotids, tilting into 
the “feet down” position and amyl nitrite lead to an intensification of existing 
convulsions and to the reappearance of convulsions which had ceased for some 
time. 

2. Raising the pressure in the carotid sinus by tilting the animal into the 
“head down” position abolishes or reduces convulsions. 

3. The effeets deseribed under 1 and 2 are absent or reversed after bilateral 
vagotomy and denervation of the carotid sinuses. 


!. The depressor reflexes are intensified during convulsions, since postural 
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changes produce smaller blood pressure changes in the convulsant than in 


non-convulsant animal. 
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Qur previous investigations (1939-40) have shown that the reflexes of the 
carotid sinus have a profound influence on convulsions induced by various drugs. 
Since it is known that blood gases play an important part in the genesis of 


epileptic convulsions (Gibbs, Lennox and Gibbs, 1940) an investigation of the 


effect of anoxia and carbon dioxide with emphasis on the rdle plaved by the 
buffer nerves seemed of importance. 


Merruop. The experiments were performed on cats in chloralose narcosis 


(100 mgm. kgm., subcutaneously). The convulsive movements were recordéd———~» 


from the hind leg through two tambours, and the blood pressure from the 
carotid artery. 

Metrazol, picrotoxin, Corvamyrtin, absvnthe and strvehnine were used as 
convulsant drugs. “Gas mixtures were prepared by flow meters and inhaled 
from Douglas bags (Gellhorn and Packer, 1940). 

Resuirs. Figure | shows the effeet of anoxia and of carbon dioxide inhala- 
tion on convulsions induced by absinthe. It is seen that the inhalation of 7 
per cent oxygen for 3 minutes does not alter in any way the convulsions. On 
the other hand inhalation of 15 per cent carbon dioxide very quickly diminishes 
the convulsions. The effect is reversible. It is noteworthy that similar effects 
mav be obtained with carbon dioxide when inhaled in much smaller concentra- 
tions (5 per cent). A similar result is seen in figure 2 in which weak condenser 
discharges applied to the shoulder resulted in general convulsive movements 
ina eat nareotized with chloralose. Here again it was found that the inhalation 
of an oxvgen-nitrogen gas mixture did not influence the convulsive movements, 
whereas carbon dioxide abolished them completely during the period of  in- 
halation. 

Similar results were obtained with the other convulsant drugs listed above. 
It was invariably found that gas mixtures low in oxygen had little or no effect 
on convulsions in nareotized cats independent of the nature of the convulsant 
drug involved. On the other hand carbon dioxide abolished the convulsions 
reversibly although it was administered for shorter periods than were the anoxic 
gas mixtures. 


The most interesting result of the investigation is the fact that the removal 
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of the carotid sinuses and the sectioning of the vagi reversed this result hig 
ure 3 shows that the inhalation of 6.2 per cent oxvgen for 3 minutes was without 
influence on the strychnine convulsions as long as the buffer nerves were intact 
It, however, the carotid sinuses were denervated, and the vagi cut, the same 
gas mixture abolished the convulsions completely when administered for one 
minute only. Whereas figure 3 shows that the denervation of the carotid sinuses 
and the sectioning of the vagi greatly increased the effect of anoxia on convul 
sions, figure 4 indicates that this procedure produces the opposite result) with 
respect to the effeet of carbon dioxide. In this figure, it is seen that the inhala 
tion of 15 per cent of carbon dioxide in oxygen abolishes completely coriamyrtin 
convulsions in the normal cat when administered for | minute After elimina 
tion of the buffer mechanisms this gas mixture was found to be ineffective and 
even 50 per cent CO: in oxvgen had no influence on the convulsions although 


it Was administered for a longer period of time. 


Fig. 1 Fig 

Fig. 1. Cat 2.3 kgm, chloralosane 100 mgm. kgm. subcutaneously. Five-tenths cub 
centimeter absinthe intramuscularly and 0.5 ce. intravenously. Condenser discharges ap 
plied to shoulder. Convulsions recorded from right hind leg (top curve); middle curve 
blood pressure Seven per cent O. for 3 minutes between the signs. Fifteen per cent CO 
for 1.5 minutes between the signs 

Fig. 2. Cat 2.6 kgm... chloralosane 100 mgm. kgm. subcutaneously Condenser cis 
charges applied to shoulder of 6.2 per cent Ov and 15 per cent CO. in Os» respec 


tively on chloralosane convulsions 


Figure 5 shows the effect of anoxia and of carbon dioxide on metrazol convul 


sions Ina cat in which the buffer nerves have been cut. Fifteen per cent carbon 


dioxide in oxygen administered tor 33 minutes abolished temporarily the con 


vulsions, but the administration of 6.2 per cent oxygen for | minute only, caused 
an inhibition of the convulsions for a much longer period of time. Whereas in 
the normal cat metrazol convulsions are easily abolished by carbon dioxide and 
anoxia has very little if any influence on the convulsions the Opposite is: true 
after the carotid sinus nerves and the vagi have been sectioned 

Figure 6 illustrates the effect of Carbon dioxide and anoxia on camphor con 
vulsions. Carbon dioxide does not interfere at all with these convulsions in the 
“denervated” animal, whereas a relatively mild anoxia (7 per cent oxvgen 
abolishes them completely. “The convulsions reappear, however, in full strength, 
about 2 minutes after air has been readmitted 


The fundamental difference in the reaction of convulsing animals to carbon 
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dioxide and anoxia can also be shown if, instead of permitting the animal té 
inhale gas mixtures low in oxygen, asphyxia is induced by clamping of the tra 
chea. Figure 7 shows that the inhalation of 15 per cent carbon dioxide inhaled 
for 3 minutes does not alter the convulsions produced by picrotoxin in a ‘de 


nervated”’ animal. \\ hen, however, the trachen Wiis ¢Clamped tor | minute the 


Fig. 38. Cat 2.6 kgm., chloralosane 100 mgm. kgm. subcutaneously. Twenty-five hun- 
dredths strychnine (1:1000) intravenously and 0.13 strvehnine intramuscularly. Con 
denser discharges as in figure 1 effect of inhalation of 6.2 per cent O». on stryehnine con 
vulsions before (eft figure) and after denervation of carotid sinuses and bilateral vagot 
omy (right figure 

Fig. 4. Left figure Cat 2.5 kgm. chloralosane 100 mgm. kgm. subcutaneously Pwenty 
five hundredths milligram coriamyrtin intravenously Jetween the arrows 15 per cent 
CO, in oxygen is inhaled 

Right figure. Cat 2.2 kgm. One hundred milligrams chloralosane subcutaneously ; 
0.2 mgm. coriamyrtin intravenously Bilateral vagotomy and denervation of the carotid 
sinuses Between the arrows 50 per cent COs in oxygen is inhaled 


, 2.6 kgm., chloralosane 100 mgm. kgm. subcutaneously; 0. 25 ec. 10 per cent 
netrazol intravenously tfeet of 6.2 per cent O» (for 1 min.) and of 15 per cent COs in O 
for 3.5 minutes on metrazol convulsions in the “denervated”? cat (carotid sinuses denet 


vated and vagi cut) 


convulsions were almost immediately abolished and returned only after read 
mission of air and then at greatly reduced intensity. 

Discussion. The experiments have shown clearly that both carbon dioxide 
and anoxia can reversibly abolish chemically induced convulsions. Whereas 


anoxia is far more effective than carbon dioxide in the animal whose butter 


nerves had been eliminated it is found that the opposite is true for the animay 
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with the carotid sinus nerves and vagi intact It is verv unlikely that) this 


result is due to the action ot VAsSes low in oOxvgen and high in Carbon dioxide on 


the chemoreceptors in the carotid sinuses and in the areh aorta birst 


it is well known that anoxia and carbon dioxide are ta v stimuli for the 
chemoreceptors and can therefore not be the cause of tl sal of the eff t- 
of these gases resulting from the denervation of thi id sinuses 


over, experiments of Greenberg and Gellhorn (1940) have shown that 


Harv reflexes 


of earbon dioxide and oxvgen lack on medull: a 
the other 


reflex) are not modified by the elimination of the buffer nerves 


hand, it is known from our previous investigations that the buffer nerves inhibit 


convulsions. Since it was shown that the depressot reflexes are involved, 1 


scems most likelv that the results reported In this paper are due to a modifies 


tion of these reflexes under conditions of anoxia and hypercapnia. Gellhorn 


CAMPHOR 


CO, 
Fig 6 
Fig. 6 3 kgm., chloralosane 10) mgm utaneously 
meters 20 per cent camphor in oil subcutaneously Condenser discl 


shoulder. Carotid sinuses denervated and vagi ; 


ween 


and 7 per cent O» respectively for 3 minutes 


meow 


Fig. 7 at 2.3 kgm. chloralosane 100 mgm. kgm. subcuta 


denervated, vagi cut. Five-tenths cubie centimeter pierotoy 1000 


Between 9 and 10, 15 per cent CO, in O» for 3 minutes Between 71 and 1 


piration stopped for 1 minute and trachea el imped 


and Lambert (1938, 1939) have shown that the reflexes of the carotid sinuses 


are weakened by anoxia. Van der Linden (1933) and Gellhorn and Pollack 


have found that during inhalation of carbon dioxide, the depressor reflexes ar 
From the fact that anoxia exerts a strong inhibitory effect on the 


intensified. 
animal whereas carbon dioxide ts without any 


convulsions in the “denervated” 
effect or only slightly effective, it must be concluded that the excitability. of the 
neurons involved in the production of the convulsions is more susceptible to 
anoxia than to an increased carbon dioxide tension. These effeets are modified 
by the pressure reflexes originating in the carotid sinuses and the arch of the 
aorta. The inhibitory action of these reflexes on convulsions is weakened in 
ANON because the depressor reflexes are weakened and consequently this efi ct 
is antagonistic to the inhibitory action which anoxia exerts on the neurons then 


selves. On the other hand, the inhibitory action of the pressure reflexes on 


After denervation of the enrotid sinuses and bilateral vagotomy 
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convulsions is intensified during carbon dioxide inhalation and consequently 


leads to the abolishment of convulsions although the effeet of carbon dioxide on 
the brain itself is too weak to produce such a result. 


SUMMARY 


The influence of anoxia and of inhalation of carbon dioxide is investigated on 
chemically induced convulsions in the narcotized cat. It is found that anoxia 
promptly abolishes convulsions in the cat whose carotid sinus nerves and vagi 
have been cut, whereas it exerts no or a very slight inhibitory effeet on the nor- 
mal animal. On the other hand, carbon dioxide is a powerful inhibitory agent 
as far as convulsions are concerned in the normal animal, but fails to show such 
effects after the denervation of the carotid sinuses and bilateral vagotomy. 
The peculiar reversal in the effieaey of carbon dioxide and anoxia which is 
produced by the elimination of the buffer nerves is explained by the fact that 
Variations in the tension of oxygen and carbon dioxide in the blood and tissues 
modify the depressor reflexes originating in the carotid sinus and arch of the 
aorta in opposite directions. 
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In a recent study of the course of a fast-conducting, afferent trigeminal 
system, McKinley and Magoun (1942) deseribed secondary trigeminal connec 
tions from the main sensory and spinal fifth nuclei which passed to the ventro 
medial part of the opposite side of the medulla, to ascend toward the thalamus 

Using the same method of study, the oscillographic recording of action po 
tentials evoked by trigeminal nerve stimulation, the present) investigation is 
concerned with the more rostral course of this connection, and with the outcome 
of its activity at the thalamic level. Because the spatial representation of 
cutaneous sensibility within the neuranis is of interest, the distribution of poten 
tials evoked by peripheral stimulation of fore and hindlimb nerves has been 
compared with those initiated at the face. 

Mertruops. In cats under nembutal anesthesia fascicles of the infraorbital 
branch of the trigeminal nerve at the face, the median or ulnar nerves at the 
wrist, and the superficial peroneal nerve at the ankle, were stimulated with single 
condenser discharges delivered through a transformer. The action potentials 
evoked were recorded from the interior of the brain stem with a steel needle 
electrode, insulated except for 0.1 to 0.2 mm. at the tip, and oriented in the 
brain with the Horslev-Clarke instrument in the manner described by Ranson 
(1934). An indifferent electrode was placed in the visual cortex. The remain 
der of the procedure was similar to that emploved by MelKinley and Magoun 
(1942). 

Resuits. Characteristics of the recorded potentials When peripheral nerves 
of the face or limbs were stimulated and records were taken of the clectrieal 
activity in afferent pathways in the upper brain stem, spike-like potentials 
from fast-conducting elements were obtained from the medial lemmiscus, the 
ventral thalamie nucleus and the internal capsule. At the midbrain level, 
these spikes commenced 2-2.5 msec. after peripheral trigeminal stimulation, 
1-5 msec. after stimulation of the forelimb nerves and 7 9 msec. after stimulation 


of hindlimb nerves. In the case of potentials recorded from the internal capsule, 


the latencies following stimulation of face, forelimb and hindlimb nerves were 
respectively 3-4, 5.5-7 and 9-12 msee. The delay is attributed for the most 
part to nuclear delay within the thalamus. 

The discharge of lemniscal and thalamie neurons may be further distinguished 
by the more prolonged recovery times of the thalamic neurons, shown by Mar 
shall (1941). In the present experiments, tests with 2 stimuli indieated = that 


the absolutely unresponsive period for face iis well as limb PES ranged 
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between 6 and IS msee. at the lemniseal level and between 30 and 50 msec. at 
the level of the internal capsule 

Records shown in figure | illustrate the potentials obtained from midbrain (A 
thalamus (B) and internal capsule (C) upon stimulation of trigeminal (1), fore 
limb (2) and the hindlimb (3) nerves. The inerease in lateney encountered 
between the lemniseus and internal capsule is seen, the latencies in msec. to the 
beginning of the spike in each record being: 2.2,C 3; 4, 
C 6.5; 3A 9.5, B12. It may be noted that in potentials recorded from. the 
thalamus (figs. | and 4, 1-3B), the initial positive spike is followed by a negativ: 
deflection which is not present in records from the medial lemniscus (fig. 1, 1-3.A 
or internal capsule (fig. 1, 1-2C). In reeording from the ventral thalamic nu 
cleus, the discharge of ramifyving terminals of lemniseal fibers and of thalamic 


axons coursing toward the internal capsule would appear to complicate the dis 


Fig. 1. Action potentials recorded from the medial lemniseus (A), ventral thalamic 
nucleus (B) and internal capsule (C) upon stfmulation of peripheral branches of trigeminal 
1), forelimb (2) and hindlimb (3) nerves. Applieation of maximal shocks shown by arrows 
time in msec. and calibration in An upward deflection indicates positivity at the 


needle lectrode 


charge of any particular group of thalamic cells. The potentials recorded from 
the ventral nucleus in these experiments have usually resembled those from the 
lemniseus or internal capsule rather than the barrage of diphasie or negative 
spikes found during a similar time interval by Marshall (1941 

The distribution of points from which these action potentials of fast-conducting 
afferent neurons have been recorded is shown in figure 2 by solid symbols. Po 
tentials evoked by stimulating peripheral branches of the trigeminal, forelimb 
or hindlimb nerves on the opposite side of the body are indicated respectively 
by cireles, triangles and squares, 

Midbrain. Through the midbrain fast potentials from limbs and face were 
recorded from the medial lemniseus and, in the case of the face, from the adjacent 
dorsomedial area as well (fig. 24). At more anterior mesencephalic levels where 
the medial lemniseus is located above the substantia nigra or where it occupies 


a region on the medial aspect of the medial geniculate body, this lemniseal 
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Fig. 2. Transverse sections through the left half of the brain stem of the cat showing the 


distribution of points from which potentials were recorded upon stimulating peripheral 


nerves on the opposite side of the body. Potentials of fast-eonducting systems are shown 
with solid symbols: circles for face, triangles for forelimb and squares for hindlimb. Later 
and more dispersed potentials are shown with half-filled (A) or stippled symbols (B) 
Abbreviations are as follows: 

A, aqueduct; BC, brachium conjunctivum; B/C, brachium of inferior colliculus; BP, 
basis pedunculi; C, nucleus centralis; CL, nucleus centralis lateralis; CM, centre median; 
H, habenula; HP, habenulo-peduncular tract; 7C, internal capsule; L, nueleus lateralis; 
LG, lateral geniculate body; MW, nucleus medialis; VL, medial lemniseus; MLF, medial 
longitudinal fasciculus; O, oculomotor nucleus; O7,, optic tract; P, pons; 2, nucleus reun 
iens; SC, superior colliculus; VL, nucleus ventralis lateralis; VM, nucleus ventromedialis; 
VPL, nucleus ventralis posterolateralis (externa); VPM, nucleus ventralis posteromedialis 
(arcuata); 3V, third ventricle 
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distribution of fast-conducting fibers was maintained. It is not known whether 
the potentials recorded from the mesencephalic course of the medial lemniscus 
upon stimulation of limb nerves are derived entirely from fibers arising in the 
posterior column nuclei (Therman, 1941) or whether they are obtained in 
part also from intermixed fibers of the spinothalamic tracts. In individual 
experiments a tendency was evident for a mediolateral arrangement of face, 
forelimb and hindlimb potentials within the lemniscus; this is obscured upon 
assembling the data from a number of experiments, as is the case at each of the 
levels in figure 2. 

Ventral thalamic nucleus. At the caudal end of the diencephalon where the 
medial lemniscus is commencing to enter the ventral thalamic nucleus, potentials 
evoked by trigeminal stimulation are seen to be recorded from its posteromedial 
part, while those produced by the stimulation of limb nerves are obtained chiefly 
from more laterally situated points (fig. 2B). 

At the level at which the ventral thalamic nucleus reaches its greatest extent, 
the spatial. representation of face and limb potentials in its medial and lateral 
parts is remarkable (fig. 2C). Hindlimb representation is arranged around the 
outer rim of the posterolateral nucleus. Forelimb representation is present 
here as well, and extends through the remainder of the posterolateral nucleus. 
Trigeminal representation is almost entirely confined to the posteromedial nu- 
cleus (fig. 1C). Forelimb representation appears greater than that of the hind- 
limb, and that of the face appears almost as great as the representation of the 
limbs combined. Upon stimulating branches of the maxillary division, the 
largest trigeminal potentials were recorded from the central portion of the pos- 
teromedial nucleus (fig. 2C). In instances in which the mandibular or ophthalmic 
divisions of the trigeminal were employed, their projection was to the same 
region. Fragmentary data indicate an ipsilateral trigeminal representation in 
the posteromedial nucleus, perhaps more laterally situated than the contralat- 
eral representation. 

Farther rostrad (fig. 2D), the posteromedial nucleus is no longer present, 
but limb afferents are still terminating in the rostral end of the posterolateral 
nucleus. At this level potentials from axons of more caudally placed thalamic 
neurons, mediating sensation from the face and limbs, are recorded in the retic- 
ular thalamic nucleus and the internal capsule as these axons course toward 
the cerebral cortex (fig. 2D). At still more anterior levels all are found in the 
internal capsule. 

On a few occasions face and limb potentials similar to those of the lemniscal 
system were recorded from the subthalamus and zona incerta at the levels of 
figure 2, B and C. They were obtained from points definitely outside of the 
external medullary lamina, and appear to indicate the presence of an extra- 
thalamic collateral from the lemniscal pathway. 

Protocol. The spatial projection of pathways from the face and limbs upon 
the ventral thalamic nucleus is as evident in a single experiment as upon as- 
sembling the data from a number of animals. In the protocol illustrated in 
figure 3, punctures 1 to 5 were made at millimeter intervals and in each puncture 
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the electrode was halted at half millimeter intervals A to G, and the nerves of 
the hindleg, foreleg and face on the opposite side of the body were serially stim 
ulated. Hindleg activity was recorded only in puncture | at stops B-D in thi 
external part of the posterolateral nucleus. Foreleg activity was obtained at 
stops B-F in puncture 2 and stops E-G in puncture 3, and was extensively dis 
tributed through the medial part of the posterolateral nucleus. Face activity 
was recorded at stops A-F in puncture 3, stops B-F in puncture 4 and stops CD 
in puncture 5, and was distributed through the posteromedial part of the ventral 
nucleus. From within outward in the ventral nucleus, representation is seen 
to be in the order of face, forelimb and hindlimb. 

Centre median. In the eaudal part of the thalamus potentials of a characte 
significantly different from those of the lemmiscal svstem were recorded from 
points designated by stippled symbols in figure 2B, and distributed in and neat 


Fig. 4. Potentials recorded from the centre median (A) and from the region where the 
lemniscus is entering the ventral thalamic nucleus at the same level (B), upon stimulating 
trigeminal (1), forelimb (2) and hindlimb (3) nerves. Latencies im msee. are: 1 A-9, B-2 


2 A-12, B4.5; 3 A-15. B-7.) Calibration in wV. and time in 16.7 msee 


the centre median. Here a late discharge was evoked by peripheral stimulation 
of both face and limb nerves; the record of this discharge has the form of a wave 


rather than a spike and was of long duration lasting from 20 to 30 msec. (fig. 4 


1-3A). The latency of these potentials increased with the increased distance of 


peripheral stimulation but the increment added to the latency of the lemniseal 
discharge at this level appeared to be a fairly constant one of 7 to 10 msee. In 
figure 4 the lateney and duration of the centre median discharge (fig. 4, 1-3.A) 1s 
compared with that of the lemniseal-ventral nucleus svstem at the same level 
fig. 4, 1-38). 

If these centre median potentials were elicited from the thalamic termination 
of slowly conducting afferent pathways, the progressively greater conducting 
distances from face and limbs should have resulted in increases in lateney mark 
edly greater than those found. The threshold of peripheral stimulation required 
for producing the centre median discharge was low and similar to that required 


for the discharge of the ventral thalamie nucleus. Both observations suggest 
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that the late centre median discharge is the result of activity delaved in some 
relay system. Whether of significance or not this activity was best obtained in 
2 animals with chronic lesions of the sensory cortex and extensive though not 
complete degeneration of the ventral thalamic nucleus. 

Evoked potentials intermediate in character between those of the lemniscal 
system and those of the centre median were sometimes encountered in the region 
of the mesencephalic course of the spinothalamic tracts, upon stimulation of 
face as well as limb nerves (fig. 2A, half-filled symbols). These potentials were 
of small magnitude and long duration, up to 10 or 12 msec. Their latency was 
2 or 3 msec. greater than that of the lemniscal spikes. The threshold for 
obtaining them was low and similar to that required for the lemniscal dis- 
charge. 

Discussion. Of the ascending pathways to the thalamus, those mediating 
sensation from the oral cavity and face have been least well worked out.  Prac- 
tically nothing is known concerning the ascending course and thalamic termina- 
tion of the gustatory lemniscus. More attention has been devoted to afferent 
trigeminal pathways, and the recent degeneration study by Walker (1939) in 
the monkey has demonstrated crossed secondary trigeminal pathways passing 
forward in the spinothalamic tracts and in and adjacent to the medial lemniscus 
to terminate in the posteromedial part of the ventral thalamic nucleus. The 
present results on the cat are in general agreement with Walker’s observations. 

The results of the present study and those of Ranson and Ingram (1932 


on the termination of the medial lemniscus and brachium conjunctivum, pre- 
sent a picture of the functional subdivision of the ventral thalamie nucleus of 


the cat, based on the termination of afferent systems within it, which appears 
identical with that formulated by Waller (1940) on the basis of retrograde de 
generation studies following lesions of the sensory cortex. These results distin 
guish the terminal regions for the trigeminal lemniscus and the brachium con 
junctivum, but otherwise support the topographic analysis of the thalamus of 
the cat presented by Ingram, Hannett and Ranson (1932). 

No study has been made of the modality of sensation transmitted by the 
lemniscus-ventral thalamic nucleus pathway investigated in these experiments 
By analogy with the results of Marshall (1941) and Harrison and Corbin (1942 
it is likely that it mediates tactile sensation. The latency of potentials en 
countered at the level of the internal capsule suggests that the discharge of this 
system accounts in part at least for the “primary response” of the sensory cor- 
tex to peripheral stimulation, which Dempsey, Morison and Morison (1941 
have abolished by subcortical lesions in a position to interrupt this pathway, and 
which Morison, Dempsey and Morison (1941) and Morison and Dempsey (1942 
have evoked by direct stimulation of the ventral thalamic nucleus. Indications 
of activity in the centre median following peripheral nerve stimulation, and 
presumably induced through some relay system, are of interest because of the 
distribution of this activity in the caudal part of the intralaminar thalamic 
area the stimulation of which by Morison and Dempsey (1942) and Dempsey and 
Morison (1942) has resulted in a “recruiting response”’ over an extensive region 
of the cerebral cortex. 
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SUMMARY 


With oscillographic recording of potentials evoked by peripheral nerve stimula 
tion, the mesencephalic course and thalamic termination of fast-conducting 
pathways from face and limbs have been studied in the eat. 

These pathways ascend in and adjacent to the medial lemniscus and terminat: 
in the ventral thalamic nucleus, the limb pathways in its posterolateral or ex 
ternal division and the trigeminal pathways in its posteromedial or arcuate 
division. 

The discharge of these pathways fires cells of the ventral thalamic nucleus 
whose axons pass forward in the internal capsule toward the cortex. Apparently 
by some relay system the centre median is also fired, but considerably later. 
No evoked potentials were detected in other thalamic nuclei. 
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Both urogastrone, a substance extracted from the urine, and enterogastrone, a 
hormone liberated by the small intestine, inhibit gastric secretion. The possi- 
bility arose that urogastrone acted through the liberation of enterogastrone be- 
cause of the similarity of some of their physiological characteristics. If such were 
the case, then the presence of the small intestine, which is the source of entero- 
gastrone, would be necessary for the inhibition of gastric secretion by uro- 
gastrone. Friedman (1941) reported that a gastric secretory depressant, ex- 
tracted from urine, was ineffective after the removal of the small intestine in 
sacrifice experiments on dogs. Unpublished data obtained in this laboratory, 
however, indicated that crude preparations of urogastrone were effective inhibi- 
tors of gastric secretion in the absence of the small intestine. Because of this 
apparent discrepancy, it was thought worthwhile to investigate this problem using 
more highly purified extracts of urogastrone and chronic enterectomized dogs. 

Meruops. In order to study the effect of urogastrone on gastric secretion in 
enterectomized animals, the entire small intestine from the pylorus to the ileo- 
cecal sphincter was removed under aseptic conditions in 6 dogs. The body of the 
pancreas was excised, the common bile duct ligated, and external drainage of the 
stomach was established with the aid of a Pezzer catheter. The head and tail of 
the pancreas, with their blood supplies intact, were tied so as to prevent drainage 
of pancreatic juice into the abdominal cavity. The dogs were maintained post- 
operatively by the subcutaneous administration of an aqueous solution con- 
taining 0.8 per cent NaCl, 0.03 per cent KCI, 0.014 per cent CaCl, and 0.016 per 
cent MgCl.-6H.O at 6-hour intervals. Eight dogs with vagotomized total 
gastric pouches were used as controls. 

Experimentation was begun two days after the operation as follows: Gastric 
secretion was stimulated by the subcutaneous injection of 0.15 mgm. histamine 
dibvdrochloride at 10-minute intervals and was collected in 20-minute periods. 
When the rate of secretion became constant for three consecutive periods, 1.0 
mgm. urogastrone was injected intravenously, and the administration of hista- 
mine was continued for an additional two hours’ time. The free acidity of the 
rastric juice was determined by titration with standard alkali with Toépfer’s 
reagent as the indicator. The urogastrone used in this study assayed 0.25 mgm. 
per “dose” (Gray, Wieczorowski, Wells and Harris, 1942). 

tesuLTs. Eight control experiments were performed on eight dogs with 
vagotomized total gastric pouches. In every experiment the volume of secretion 

* Aided in part by a grant from the Committee on Endocrinology of the National 
Research Council. 
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and the output of free acid were decreased during the first hour following th: 
injection of urogastrone. The average volume of secretion during the first hou 
was 92.3 cc. and the average output of free acid was 11.260 m.eq. During thi 
hour following the injection of urogastrone, the average volume of secretion was 
reduced to 51.5 ce. and the average output of free acid to 6.638 m. eq. (table | 
Twelve similar experiments were performed on 6 dogs in whom the entir 
small intestine had been removed. The data of this series are shown in table 1 
The volume of secretion and the output of free acid during the hour following th: 
injection of urogastrone were always inhibited in a manner similar to that ob 


TABLE 1 
The effect of urogastrom on gastric secretion in enterectomized dogs 
HOUR*® 2ND HOUR 3RD HOUR 

Output of ‘. Output of to) Output « 
free acid free acid free acid 

m. eq m. 
0.826 1.040 
1.472 2.380 
268 3.210 
40S 10.552 
336 10.870 
156 5.620 
320 748 
39S 2 O16 
13 23 166 212 
14 F 1.126 3.264 5: 5.378 


14 2 : 7 a S16 
Averaget 
Average of controlst 92.5 11.260 


After first hour, 1.0 mgm. urogastrone injected intravenously. 
+ Average of 12 experiments on 6 enterectomized dogs. 
t Average of ‘8 experiments on 8 dogs with vagotomized total gastric pouches 
served in the total gastric pouch dogs. The average volume of secretion was 
reduced from 87.4 to 39.6 ee., and the average output of free acid from 9.184 to 
3.277 Mm. eq. 

In order to make a comparison of the effect of urogastrone on gastric secretion 
in the control and enterectomized dogs, the volume of secretion and output of free 
acid in each experiment were calculated in terms of per cent of the average values 
of the first three collection periods (first hour). On such a basis, the average per 
cent values of the volume of secretion and the output of free acid for each collec- 
tion period (20 min.) have been represented graphically in figure 1. The 
maximum inhibition took place during the second 20-minute period following the 
injection of urogastrone in both the control and enterectomized dogs. During 


the period of maximum inhibition, the volume of secretion was reduced by 43.9 
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per cent in the controls and 68.6 per cent in the enterectomized animals; the 
output of free acid was reduced by 50 per cent in the controls and 80.6 per cent in 
the enterectomized animals. These data indicate the similarity between the 
response of the enterectomized and control dogs to urogastrone. If any differ- 
ence did exist, the degree of inhibition was greater in the enterectomized dogs. 

Discussion. The evidence obtained in these experiments indicates that the 
inhibitory effect of urogastrone on gastric secretion is not dependent upon the 


Fig. 1. 0.15 mgm. histamine dihydrochloride was injected subcutaneously at 10-mi 
intervals throughout the experimental period 


small intestine. Therefore, it is highly improbable that urogastrone acts by 
liberating enterogastrone, one of the hormones of the small intestine. The 
reasons for the disagreement between these results and those of Friedman (1941 
are probably to be found in the differences in experimental procedure. Friedman 


employed acutely enterectomized animals under sodium pento-barbital an 


esthesia and used variable doses of urine extracts prepared in a different manner 
from those employed in this study. 
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CONCLUSIONS 

1. The intravenous administration of 1.0 mgm. of urogastrone effectively in- 
hibited the volume of gastric secretion and the output of free acid in 12 experi- 
ments on 6 enterectomized dogs and in 8 experiments on 8 dogs with vagotomized 
total gastric pouches. 

2. No evidence was obtained which would indicate that urogastrone inhibits 
gastric secretion through the liberation of enterogastrone. 
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Yecent work (10, 4) has shown that the polysaccharide inulin does not pene- 
trate the blood-aqueous barrier under normal conditions although it may do so 
when the permeability of the membrane is increased by paracentesis (4) or by 
instilling certain vasodilatory drugs into the eye (9). The present investigation 
was carried out with the purpose of defining the limiting molecular size of lipoid 
insoluble non-electrolytes penetrating the membranes which separate the aque- 
ous humour of the eye from the blood. A comparison was made of the pene- 
trating properties of four sugars with different molecular sizes, namely, xylose, 
glucose, sucrose and raffinose. 

Mernops. Dogs were anesthetised with sodium amytal and injected intra- 
venously with a solution of the sugar being studied. A specimen of aqueous 
humour was obtained from one eye before injection and from the other eye at 
a desired interval after injection. In a few instances where a considerable 
increase in aqueous sugar was expected no aqueous was taken before injection 
of the sugar, the two specimens being taken at suitable intervals later. In our 
experiments the reducing value of the aqueous was consistently close to that 
of the venous serum, averaging 3.5 per cent lower. In these experiments the 
initial aqueous value was taken as 3.5 per cent less than the initial serum value. 
It was felt that the error involved in this assumption was not great as the in- 
crease in the aqueous reducing value was 50 per cent or more and that it was 
outweighed by the advantages of obtaining two points on the curve with the 
one animal. Specimens ef venous blood were taken before injection and at 
various periods during the course of the experiment; after clotting, these were 
centrifuged. Determinations of reducing values were made on 0.2 ce. samples 
of aqueous humour and of serum by the method of Hagedorn and Jensen (7 
The reducing values of sucrose and raffinose were taken as the increase after 
hydrolysis by N/10 sulfurie acid. Duplicates agreed to within 3 per cent. 

For short periods, up to twenty minutes, a single injection of an isotonic 
solution of the sugar was given in sufficient quantity to raise the blood sugar 
level to two or three times the normal. Over longer periods it was necessary 
to use a slow continuous injection of a more concentrated solution to maintain 
the increased blood level. It will be noted that in the case of the sucrose figures, 
the rise in serum levels is somewhat greater, in spite of a much slower injection 
rate. A comparison of the two results for the 30 minute interval would indicate 
that this factor is unimportant. Of thirty completed experiments the results 
of six were rejected because the blood sugar levels either were not raised sufh 
ciently or were not satisfactorily maintained during the period of injection, 
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tesuLTs. The reducing values were calculated in terms of milligrams per 
cent of glucose. The ratio R, where R equals 


A 


is to be plotted against the time after injection at which the second aqueous 
sample was taken. A» and So are the pre-injection reducing values of aqueous 
and serum respectively. A, is the reducing value of the second aqueous sample 
and S; is the average reducing value of the serum during the period of injection. 
The ratio R gives us a measure of the concentration gradient between the serum 
and aqueous humor. 

Table 1 shows the values obtained in two experiments with glucose. These 
are selected as being typical of results obtained. The second example is one 


TABLE 1 


Glucose 


| —— | | 
minutes 
0 Aqueous 74 
90 Aqueous 186 112 
0 Serum 76 
3 Serum 210 134 
30 Serum 267 191 
60 Serum 222 146 
90 Serum 270 194 166 65 
0 Aqueous 9S 
65 Aqueous 174 76 
0 Serum 93 
3 Serum 413 271 
27 Serum 282 140 
65 Serum 155 13 


discarded because the serum reducing value was not maintained during the 
experiment. The first is given as a straightforward result: there is nothing in 
the experiment to indicate an error. Table 2 summarizes the results of all 
four sugars. 

If the results R are plotted against time it becomes apparent that both the 
initial time of penetration and the subsequent increase in concentration of the 
four sugars in the aqueous humour is inversely related to the molecular weight. 
Thus for xylose with a molecular weight of 150, a rapid rate of penetration was 
found and the decrease in concentration gradient between the blood and the 
eye was about 25 per cent at three minutes after injection. 


Glucose, with a molecular weight of 180, behaved in much the same manner 
with a decrease in concentration gradient of about 25 per cent in ten minutes. 
Sucrose diffusion was much slower, the concentration gradient being decreased 


2 


PENETRATION OF 
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by about 25 per cent only after three hours. The penetration of raffinose in 
one hour is almost negligible, i.e., it is within the error of titration. At three 
hours the penetration is measurable but so low as to indicate that raffinose, 
with a molecular weight of 504, approaches the limiting size of a lipoid insolubl 
non-electrolyte molecule penetrating the blood aqueous barrier. 

Discussion. Since the difference between the suecessive members of the 


series glucose, sucrose and raffinose is represented by one hexose unit it is justi- 


TABLE 2 
K 
M 

1.5 min Xylose 163 mgm. % 10 mgm 25 

5 min. Xylose 165 39 24 

15 min. Xylose 150 52 35 

30 min. Xylose 142 65 16 

60 min. Xylose 113 68 60) 

60 min. Xy lose 175 85 19 

60 min. Xvlose 103 16 $3 

90 min. Xylose 1164 112 6S 

S min Glucose 196 mgm. % 39 mgm. ‘ 20 

14 min Glucose 177 58 37 

16 min. Glucose 234 73 31 

16 min Glucose 212 71 33 

30 min. Glucose 1S7 85 15 

1 hour Glucose 236 103 14 

90 min. Glucose 166 112 65 

120 min. Glucose 202 60 30 

200 min. Glucose 237 92 39 

15 min. Sucrose 373 0 0 

19 min Sucrose 102 8 2 

30 min. Sucrose 278 15 5 

30 min. Sucrose 651 14 7 

2 hours Sucrose 343 34 10 

3 hours Sucrose $32 105 24 

1 hour taffinose 195 mgm. 2 

3 hours taffinose 245 10 } 
fiable to assume that the molecular weight of these sugars is indicative of molecu 
lar size. In the case of the polysaccharide inulin one axis of the molecule is 

believed to be some ten times the length of the other axis. Hence the molecule 


has a low diffusion co-efficient and behaves as though it has a molecular weight 
of the order of 15,000 (1) instead of 5000 (11) which other methods give it. It 
is reasonable to assume that the disaccharides and trisaecharides have a mol 

cule much more spherical and more proportional in size to their molecular weight 
than has inulin. 
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That molecular size is a determining factor in penetration through certain 
organized cellular membranes has been demonstrated by Chambers (2, 5). 
Admittedly less importance is attached to this factor in the case of leaky mem- 
branes like the capillary endothelium, which allows substances to pass through 
large intercellular pores, than for closely packed cell layers such as are found 
in the proximal tubules of the kidney. In the vascular structures which are 
the sites of the aqueous formation in the eye, the blood is separated from the 
aqueous humour by capillary endothelium, the membrane of Bruch, and pig- 
mented epithelium. Here it would be expected that the factor of molecular 
size would largely determine the penetration of a substance from the blood into 
the aqueous. 

It seems probable that xylose and glucose are capable of passing from the 
blood to the aqueous humour both through the cells as well as through inter- 
cellular pores while the slow penetration of sucrose and raffinose is explained 
by their passage only through intercellular pores. In the case of raffinose, the 
actual size of the molecule must approximate sufficiently closely to the pore 
size as to be a limiting factor in the penetration of this sugar. 

It has been shown that the osmotic pressure of the aqueous humour is meas- 
urably greater than that of the blood plasma (8, 6). The concentration of 
chloride in the aqueous humour is also greater than that expected on the basis 
of calculation and is not due to metabolic activity of the lens or to the variations 
in the blood chloride level (4). 

These discrepancies from the distribution ratio expected upon the basis of a 
filtration process are not found in the fluid formed after paracentesis (4) and 
are abolished by poisoning the eve tissues (8), facts which suggest that in the 
formation of the aqueous humour, some secretory activity is imposed upon the 
primary process of filtration. For this to be true the structure of the blood- 
aqueous humour barrier must be such that its intercellular spaces are small 
enough to prevent the ready escape of the secreted substances back into the 
blood; otherwise the establishment of a concentration gradient would be virtually 
impossible. That this structural basis for the validation of a secretory process 
is provided for is shown by the relative impermeability of the eye membranes 
to the comparatively small molecule of raffinose. 

It will be noted that the glucose curve is more irregular than the others and 
except for one single result (the 90 min. period, see also table 1) there is a sug- 
gestion that though glucose enters the eve rapidly there is some mechanism 
preventing excessive accumulation in the aqueous humour. This may indicate 
some property of the eye but on the other hand it may merely be a reflection of 
the greater difficulty encountered with this sugar in maintaining the high serum 
level. Despite the injection of some 100 ec. of 18 per cent glucose per hour the 
serum levels of four of these dogs failed to be maintained. It is felt that because 
of this there may have been changes in pressure relationships sufficiently great 
to affect the permeability of the blood-aqueous barrier. In the absence of 
intra-ocular and of blood pressure determinations in these animals such a sug- 
gestion is mere surmise but nevertheless there is some room for doubt about the 


interpretation of the latter part of the glucose curve. 


OF SUGARS INTO HUMOUR 


PENETRATION 


AQUEOUS 


CONCLUSIONS 


1. Penetration of the sugars xylose, glucose, sucrose and raffinose from the 
blood stream into the aqueous humour is inversely related to their molecular size. 

2. Raffinose, with a molecular weight of 504, represents the limit of the size 
of lipoid insoluble nonelectrolyte molecule entering the eye. 

3. The relative impermeability of the eve membranes to raffinose is compatible 
with the theory of a secretory activity being imposed upon the primary process 
of filtration in the formation of the aqueous humour. 
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The intravenous injection of many foreign substances and of tissue extracts as 
well as peptone has long been known to lead to a condition of peripheral vascular 
collapse (1, 2, 3, 4) associated with capillary dilatation, increased capillary 
permeability, and leakage of plasma (2, 5) leading to a decreased circulating 
blood volume and hypotension. In this state, the essential factor involved ap- 
pears to be capillary-wall damage leading to the increased permeability, and this 
has been attributed to the secondary liberation of histamine (5). 

It has been postulated by Swingle and his associates (6, 7) that the action of 
adrenal cortical extracts in surgical and other types of shock is in large part to 
prevent such an increase in capillary permeability. Experimental evidence sup- 
porting this view has been advanced by the work of Menkin (8) who has shown 
that in the rabbit adrenal cortical extract prevents the increase in permeability of 
the skin capillaries caused by leukotaxine. This observation has been con- 
firmed by us (9). We found that this neutralizing action was not obtained with 
desoxycorticosterone but did occur with corticosterone. 

It appeared to us that it would be desirable to repeat the observation on capil- 
lary permeability with the method of Menkin (8), using peptone as a test sub- 
stance instead of leukotaxine. Such observations on the capillaries of the rabbit, 
as measured by dye accumulation in a local area of the skin, would serve to test 
directly a, the action of peptone, and b, the possible neutralizing effect of adrenal 
extract and some of the adrenal steroids. 

Mrrnops. In twenty-three rabbits an intracutaneous injection of 0.2 ec. of a 
2 per cent solution of Difeo Bacto-peptone was followed ten minutes later by an 
intravenous jection of 10 ec. of 14 per cent solution of trypan blue. A com- 
parison of the color of the skin over the site of injection with that of the surround- 
ing area gave an indication of the amount of dye accumulating in the tissues at 
this point. A 4 plus reaction was considered one that gave an intense blue color- 
ation over the site of injection. Less intense color concentrations were graded 
down to 1 plus; a doubtful accumulation of dye was noted as ? plus; no aceumula- 
tion as 0, and blanching of the area of injection by —1. Because of the vari- 
ability in response of rabbits, the effects were compared on the samé rabbit. For 
this purpose, the various adrenal cortical preparations were tested at the same 
time in different regions of the denuded skin, both when used alone or in com- 
bination with peptone. In the latter case the same amount of peptone was used 
as in the test with peptone alone. When the adrenal cortex extract was used 


1 Aided by the A.D. Nast Fund for Cardiovascular Research and Grant no. 465 of the 
Therapeutic Committee of the American Medical Association. 
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(0.1 ec. of the commercial preparation (Wilson)? was injected. In the case of the 
other preparations of adrenal cortex tested, i.e., corticosterone, compound K, and 
anhydrohydroxyprogesterone® which are relatively insoluble in water, solutions 
were made as follows: The steroids were dissolved in a small quantity of alcohol, 
physiological saline was added and the alcohol driven off by heating in a water 
bath. The material remained in solution when the temperature was near the 
boiling paint, but at room temperature much, but not all, of the material re- 
crystallized to form a suspension. Since the amount recrystallized was less than 
the original, the remainder was in solution or in a very fine suspension. After 
cooling, the final mixture was diluted until each cubic centimeter of solution con- 


TABLE 1 


The effect of peptone and of corticosterone. compo ind E and adrenal cortical extract. with and 


without peptone, on the local accumulation of trypan blue in the rabbit's skin 


ADRENAL RI Ul 
RTICOSTERONE COMPOUND PEPTONI EXTK 
WITH PEPTONE WITH PEPTONE 
0) 0 1 
0 0 0 - | 
4 0) + + +4 () 
0 0 0 + 0 
0 0 
4 4 4 
0) 
0 + 0 
4 0 
() 
0 
4 0 


Each line across represents observations on one rabbit 


tained from 2 to 5 mgm. of the steroid. Desoxycorticosterone acetate was not 
used because of its lack of action on the leukotaxine effect (9). 

tesuLTs. The results are summarized in tables 1 and 2. It will be noted 
that the peptone solution caused an increased skin capillary permeability in 20 
of the 23 animals tested, the response ranging in the positive results from 1 plus 
to 4 plus. It is this variability in results that makes it essential in noting the 


2 We are indebted to Dr. D. WKlein (Wilson Laboratories) for supplying this materi 

3 We are indebted to Dr. Kk. C. Wendall for supplies of erystalline compound bk an 
corticosterone and to Dr. M. Gilbert (Schering Corp.) for supplying the anhydrohyar 
progesterone. 
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effects of the corticosteroids to compare them with the control on the same 
animal. This was the procedure followed in this study. The results in table | 
show that adrenal cortical extract prevented the manifestation of increased 
capillary permeability of the peptone when it was injected simultaneously with 
it. The occasional blanching noted occurs also when adrenal cortical extract is 
injected alone (9). 

None of the adrenal cortex steroids nor anhydrohydroxyprogesterone dupli- 
cated the action of the cortical extract since they failed in most instances to 
neutralize the peptone effect, as tables 1 and 2 show. 

The results with peptone differ from those reported with leukotaxine in that 
the neutralizing effect previously observed (9) when corticosterone was added to 
leukotaxine was not found when it was added to peptone. In order to check 
this discrepancy the experiments with leukotaxine* and corticosterone were 
repeated. 


TABLE 2 TABLE 3 
The effect of anhydrohydroxy proge sterone, with E ff ct of corticosterone on the leuko- 
and without peptone, on the local accumula- taxine action in causing accumu- 
tion of trypan blue in the rabbit's lation of trypan blue in the 
skin rabbit’s skin 
| CORTICOSTERONI 


>ROGESTERONE >EPTON EU CINI 
PROGESTERONE PEPTONI LEUKOTAXI 


WITH PEPTONE 


++ + +++ ++4++-+4+ 

?+ +++ 0 ++++ 

0 + +++ +++ 

0) 
0 

Keach line across represents observations on one Each line across represents 

rabbit : observations on one rabbit. 


The neutralizing effect of corticosterone was manifest mainly in those animals 
in which the leukotaxine by itself gave the least effects (table 3). The neutral- 
izing action of corticosterone against leukotaxine is apparently not powerful, and 
is noteworthy only by comparison with desoxycorticosterone acetate which is 
ineffectual even when used against weak solutions of leukotaxine. 

Discussion. The fact that corticosterone consistently failed to prevent weak 
reactions to peptone, while preventing weak reactions to leukotaxine, suggests 
that the capillary damaging factor in the peptone solution is not leukotaxine but 
some substance with a leukotaxine-like action. This supposition is not unlikely 
since we have repeatedly observed leukotaxine-like reactions following the injec- 
tion of substances in no way related to protein catabolism. Thus, a preparation 


‘We are indebted to Dr. V. Menkin for generously supplying us with a quantity of fresh 


leukotaxine 
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of commercial gum acacia (6 per cent) was found to produce an accumulation of 
dye in the rabbit’s skin. Apparently therefore the leukotaxine effect on capillary 
permeability is shared by peptone and other protein breakdown products (10) 
and is not a specific but rather a generic response of capillaries to some noxious 
agents. If such an action on skin capillary permeability is typical of effects 
throughout the body, it may possibly be involved in some of the untoward reac- 
tions occasionally encountered with some gum acacia preparations used in the 
treatment of shock (11). 

Our experiments demonstrate that the intracutaneous injection of peptone 
increases the permeability of capillaries and therefore lend support to the view 
that peptone has a like action in other regions. Our results do not reveal the 
magnitude of these changes, and thus do not indicate to what degree this in- 
crease in capillary permeability contributes to the development of peripheral 
vascular collapse induced by the intravenous injection of peptone. 

On the other hand, our present results with adrenal cortex extract, confirming 
our previous results (9), suggest that this substance tends to decrease capillary 
permeability and prevents the increased capillary permeability by substances 
like peptone and leukotaxine. It is therefore possible that the adrenal cortical 
extract may have a beneficial action in those cases of shock in which it can be 
demonstrated that increase in capillary permeability plays a significant rdle 

This action of adrenal cortical extract is not manifest by the cortical steroids 
tested (other than the slight effect noted by corticosterone on leukotaxine). 
Since the amounts of material able to act in the case of these steroids is unknown 
the difference may be quantitative and not qualitative. Nevertheless our work 
strongly suggests that the adrenal cortical extract contains some principle other 
than the steroids tested which has the specific property of preventing the increase 
in capillary permeability. 

The fact that a cortical steroid does not affect capillary permeability does not 
exclude its possible utility in states of shock since work from this laboratory (12) 
has shown that desoxycorticosterone acetate, having no apparent neutralizing 
action on capillary permeability (9), nevertheless has a beneficial prophylactic 
action on the shock-like state induced by venous occlusion of a limb in the dog. 


SUMMARY 


1. Peptone induces an increase in permeability of the capillaries of the rabbit 
skin similar to that of leukotaxine. 

2. This capillary damaging factor of peptone, like that of leukotaxine, can be 
neutralized more or less completely by adrenal cortical extract. Cortiecosterone, 
compound E and anhydrohydroxyprogesterone, however, do not have this effect. 

3. Certain differences in the reaction of corticosterone to peptone and to 
leukotaxine suggest that the action of peptone is not due to leukotaxine but to a 
leukotaxine-like substance. 


We are grateful to Dr. L. N. Katz, under whose guidance this study was made, 


for his advice and criticisms, and also to Dr. S. Rodbard for his suggestions in 
preparing this report. 
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ADDENDUM: Since the preparation of this paper, our attention has been directed to a: 
article by Duthie and Chain (Brit. J. Exp. Path. 20: 417, 1939) in which is reported that 
peptic digests of a number of proteins such as serum, albumin, fibrin and casein all give 


a leukotaxine reaction. 
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Few investigators have reported on the changes which occur in the blood ot 
mammals during hibernation. Endres (1) found that the oxygen saturation of 
the arterial blood of hibernating marmots ranged from 93.5 to 96.4 per cent; the 
hlood sugar varied from 71.0 to 96.0 mgm. per 100 ec. of blood as compared to 


97.0 to 162.0 mgm. in the active state. The latter figures, he felt, were too high 
since no anesthesia was used and the animals became extremely excited when 
the blood was being obtained for blood sugar determinations. Stormont, Foster 
and Pfeiffer (2) reported an increase of 40.2 volumes per cent in the carbon di- 
oxide content of the arterial blood of hibernating ground squirrels, and a cor- 
responding change in pH from 7.43 to 7.10. 

It is well known that the flow of blood during hibernation is greatly altered and 
the question naturally arises as to what changes, if any, occur in the composition 
of the blood. In an attempt to answer this question, the authors have under- 
taken to compare the blood pictures of active and hibernating ground squirrels. 

Mertuops. The animals used in this study were Citellus tridecemlineatus 
(Mitehill) and were obtained from west-central Kansas and the region around 
Milford, lowa. They had been kept in the laboratory for at least one year before 
being used for experimental purposes. The active animals were kept under 
standard laboratory conditions throughout the vear. Hibernation was induced, 
during the winter months when it would occur normally in the field, by placing 
the animals in individual metal cages containing ample bedding material and 
then placing the cages in a cold room the temperature of which ranged from 40 
to 42 degrees Fahrenheit. The blood used in the determinations was obtained, 
with few exceptions, by cardiac puncture, while the animals were still in the cold 
room. The active animals were given just enough nembutal to stupefy them 
sufficiently to allow the withdrawal of blood without struggling and undue ex- 
citement; no anesthesia was necessary in case of the hibernating ones. 

toutine hematological techniques were employed in making the red cell, white 
cell and differential counts. Hemoglobin determinations were made by the acid- 
hematin method using the Hellige-Wedge hemometer. Hammerschlag’s method 
was used to determine the specific gravity. For the determination of the creat 
inine and glucose contents, the colorimetric methods of Folin and Wu were em 
ployed. The Folin-Wu method of blood glucose determination was checked 
against the more accurate method of Somogyi, Schaffer and Hartman. The 
former method, even though it gave higher values (about 20 mgm. per 100 ec. of 
blood), required less blood, and for that reason was finally adopted for the routine 
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content, the specific gravity, and the glucose and creatinine contents. 


ANIMAL 
gram 
I-1 F 184.0 
[-2 F 126.5 
1-3 F 130.0 
I-4 M | 92:5 
I-5 F | 95.4 
F 291.3 
[I-2 F 286.6 
M 261.7 
F |256.2 
1-5 F (257.5 
[1-6 F (241.5 
1-6 265.0 
[11-1 M 280.0 
III-2 M 310.7 
111-3 F 
M 219.0 
I11-5 M 347.3 
M (293.1 
IV -1 M (431.3 
IV-2 M 371.1 
IV-3 M |347.3 
IV-4 M 371.2 
IV-5 M /331.3 
IV -6 M j221.2 
V-1 F 383.9 
V-2 | F (281.1 
V-3 M 360.1 
V-4 F 445.5 
V-5 M 422.4 
V-6 F 334.7 
Average 284.5 


* The weight given for each animal is the average of 


TABLE 1 


The hlood p clure of active ground squlrre ls 


DIFFERENTIAL (PER CENT 


RBC WB SPECIFI( 
Neutro. Baso. Acido Mono 

mil. per thou. per 

ch. mm. cu. mm 
9.500) 4.766) 51.5 0.0 1.6 38.6 8.3 1.051 
4.968) 5.800) 51.6 | 0.0 | 1.3 | 34.5 | 12.6 |1.052 
7.793) 4.675) 59.7 | 0.0 | 1.5 | 31.3 7.5 1.049 
6.942) 3.188; 60.0 | 0.0 | 4.0 | 32.0 4.0 1.051 
8.343) 6.543) 59.0 | 0.0 | 1.0 | 28.0 | 12.0 |1.050 
10.318) 3.293) 52.3 | 0.0 | 2.0 | 38.4 7.3 1.058 
8.830) 2.716) 55.6 | 0.0 | 1.3 | 34.1 9.0 1.058 
8.944) 2.975; 65.5 | 0.0 | 1.0 | 29.0 1.5 1.062 
13.200; 2.400} 62.0 | 0.0 | 2.0 | 29.0 7.0 1.059 
9.672) 1.150} 50.0 | 0.0 | 4.0 | 40.0 6.0 1.061 
7.914) 2.025; 70.0 | 0.3 | 1.7 | 17.5 | 10.5 |1.059 
9.348, 2.280) 60.5 | 0.0 | 3.0 | 31.5 5.0 1.058 
8.419; 1.984) 58.0 | 0.0 | 1.4 | 30.4 | 10.2 |1.058 
6.304; 3.900; 65.0 | 0.2 ; 1.4 | 25.6 7.8 1.059 
6.965; 2.700; 61.5 | 0.0 | 1.4 | 28.6 8.5 {1.058 
6.992) 3.900) 74.0 | 0.0 | 0.8 | 20.2 5.0 1.056 
9.402; 4.228 65.4 | 0.0 1.6) 30.6 2.2 |1.062 
8.250) 2.710) 63.3 | 0.0 | 2.4 | 23.1 | 11.2 |1.069 
8.346) 1.670! 55.8 | 0.0 | 0.4 | 33.8 9.0 |1.062 
§.356:10.848) 58.0 | 0.0 | 1.8 | 32.6 7.6 1.058 
6.373) 3.950) 51.0 | 0.0 | 1.0 | 35.0 | 13.0 |1.061 
7.460) 8.240) 54.6 | 0.0 | 2.0 | 32.4 | 11.0 |1.058 
8.312) 4.164) 57.4 | 0.0 | 1.8 | 30.2 | 10.6 |1.055 
7.752; 3.924) 54.0 | 0.0 | 1.4 | 34.8 9.8 |1.057 
7.565: 3.920) 55.5 | 0.0 | 1.4 | 37.9 5.2 |1.062 
6.698: 6.654) 54.2 | 0.0 | 1.4 | 34.8 9.6 1.058 
7.557| 3.960) 54.0 | 0.0 | 0.8 | 34 9.8 1.062 
7.614; 3.892) 53.6 | 0.0 | 1.2 | 36.6 8.6 1.062 
7.461) 3.876i GZ.8 | 0:0 | 2.0 | 32.2 0 1.061 
7.457; 3.532) 51.8 | 0.0 | 1.0 | 38.6 8.6 1.061 


8.102) 3.995, 58.1 | 0.0 | 1.7 | 31.8 8.5 1.058 


a month apart from October 1, 1941 to April 1, 1942. 


to establish a norm, four to nine determination of each of these were made upon 
each of 30 active or normal animals at various times between October and April. 
After sufficient time had elapsed to insure complete recovery from any effects of 
cardiac puncture, 18 of these animals were placed in the cold room for periods of 
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mem. per mem. per 
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In orde: 


500 123 
151 105 
186 102 
203 120 
300 122 


310° 100. 
158 ,101.: 


105 106 
230 |121 


610 100.: 


540 111 
131: |125 
229 (127 


58S 111 


649 


5SS 116 


265 98 


132 | 


345 92 
377,99 


337 102 


314 | 97.5 
223 100.: 
560 93.4 
335 |104.! 
364 102. 
329 


318 102.5 
368 104 
395 103 
$01 107. 


In this paper the term ‘‘blood picture”’ is used to 
include the total red and white cell counts, the differential count, the hemoglobin 


l 


the weights recorded approximately 


tin 


dic 
ave 


an 


ANI 


132 
| 
HB GLI 
13.4 |] ) 
0) I 
14.0 1 q 
15.0 |2 | 
14.9 1 ) 
15.7 |1 
13.4 11 
15.0 |1 9 
15.0 1 0 
13 0 
14 
1] 
15 
15 l 
13 l 
| 
13 
14.2 ) 
16.3 1 ) 
13.3 |] 
15.9 ) 
16.4 1 ) 
16.1 ) 
16.0 1 ) 


BLOOD PICTURES OF ACTIVE AND HIBERNATING SQUIRRELS 13: 


w 


time varying from 8 to 28 days and induced to hibernate. After the periods in- 
dicated, determinations were again made. Thus it was possible to compare the 
average blood pictures of these 18 hibernating animals to that of 30 active ones 
and, since the blood picture ol each hibernating animal Was known before hi 


TABLE 2 


T he blood picl ire of hibe rnati ng gro ind squirrets 


DIFFERENTIAL (PER CENT 


=" Neutro| Acido. Mon 
| mil. pe m. mgm 
111-3 F | 8 |264.2 [4.430 |3.200! 24.0 3.0 44.0) 290.0 1.054 9.2 11.430 | 80.5 
[11-5 M /326.0 '6.840 |3.420) 30.0 '0.0 3.0 10.0 26.0 059 | 12.2 197 | 89.1 
111-6 /10 '238.2 \6.904 |3.200; 32.0 (0.0; 3.0 11.0 24.0 O54 12.9 |1.174 
IV-1 |362.1 16.430 |3.550) 58.0 '0.0) 3.0 21.0 O58 | 12.4 115 | 81 
IV-3 M |321.3 |5.820 |3.300) 30.0 |0.0) 3.0 10.0 27.0 O58 | 12.1 219 SL4 
IV-4 M |12 |336.0 [5.376 |7.750) 34.0 10.0, 4.0 12.0 | 20.0 O57 | 12.2 241 | 82.3 
IV-5 M /12 |317.1 |6.340 |3.700) 31.0 1.0 11.0 | 27.0 11.053 | 12.4 012 | 78.3 
IV-6 M /12 |205.1 |6.840 |3.200' 39.0 1.0 11.0 19.0 056 13.1 318 70.9 
II-1 F (23 |262.0 |4.348 |2.500) 30.0 2.0 12.0 | 26.0 |1.046 9.1 |1.000 | 87.1 
F (23 |175.5 |4.346 {3.800} 38.0 (0.0) 1.0 $1.0 20.0 (1.046 9.0 |1.000 | 76.2 
M /23 |135.5 (3.480 |3.900) 58.0 10.0) 3.0 | 30.0 10.0 |1.043 85 104. 81.2 
F /|23 |166.5 16.450 |3.100) 42.0 10.0; 1.0 14.0 13.0 056 | 11.5 16S) 81.3 
\F (23 |103.5 16.556 |2.300) 32.0 |0.0' 3.0 | 16.0 /|1.057 | 11.5 120 | 71.2 
1f-6 F (23 '216.0 (5.640 '2.250) 60.0 (0.0 4.0 16.0 O54 10.5 213 78.9 
[-1 F |28 |124.2 |3.200 |5.650) 25.0 |0.0) 3.0 13.0 (1) 1.039 300 | 72.4 
[-2 F (28 |104.5 {3.600 |5.430) 52.0 |0.0; 2.0 35.0 11.0 121 
I-3 F (28 | 99.0 }2.300 |6.200!) 32.0 '0.0, 3.0 10.0 26.0 & 2 |1 248 0.9 
I-6 F |186.0 |1.720 {3.800} 39.0 2.0 12.0 17.0 02S 9 0 1.120 106-4 


Average (18 

hibernat 

ing ani 

mals 218.9 15.034 13.900) 38.1 2.5 38.6 20.8 |1.050 | 10.7 {1.172 | 8] 
Average (30 

active 


animals). ./284.5 8.102 |3.995) 58.1 0.0 1.7 31.8 8.5 11.058 | 14.4 {1.401 |107.1 
Per cent 

change 

+ or — — 23.0) —37.8'—2.3 —34.4'0.0 +47.0 +21.3 +144.7 —0.75 —25.0 16.3 14 


* Weights taken after being in cold room for periods indicated when determinations 
were made. 


bernation, each animal, as a double check, served as its own control (compare the 
same animal in tables 1 and 2). 

Resuuts. Tables 1 and 2 give all pertinent data relative to the blood pictures 
of thirty active and eighteen hibernating ground squirrels, respectively. A study 
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of these tables will reveal the following changes in the blood pictures due to 
hibernation: 

1. An average decrease of 37.8 per cent in the number of erythrocytes, and 
25.7 per cent in the hemoglobin content. 

2. An average decrease of 2.3 per cent in the total white cell count with thi 
following changes in the differential count: a 34.4 per cent decrease in the numbx 
of neutrophils, no appreciable change in the percentage of basophils, an increas: 
of 47.0 per cent in the acidophils which is probably not significant because of th: 
smaller number of cells encountered, a 21.3 per cent increase in the lymphocytes, 
and an increase of 144.7 per cent in the monocytes. It should be stated at this 
point that in seven of the hibernating animals the total white cell count decreased 
and in eleven it increased. Probably more pronounced changes would oceur ii 
the animals were made to hibernate for longer periods. 

3. A small but consistent decrease in the specific gravity of the blood amount- 
ing to 0.75 per cent. 

t. A decrease of 16.3 per cent in the creatinine content. 

5. A decrease of 14.5 per cent in the glucose content. 

Discussion. It is noted that the glucose content of the blood, as determined 
in this study, was lowered in every hibernating animal but that this decrease was 
in no case comparable to severe insulin hypoglycemia in which case the glucose 
values often range from 35 to 45 mgm. per 100 ce. of blood. For this reason it 
would seem that severe hypoglycemia is not the sole factor involved in inducing 
hibernation. 

It is interesting to note that both the number of erythrocytes and neutrophils 
were depressed during hibernation, suggesting that there might be an inactivation 
of the red bone marrow. It is also possible, however, that some decrease in the 
number of erythrocytes was due to the storage of these cells in the spleen since it 
was reported by Evans that during hibernation in the bat the spleen acts as a 
reservoir for them. At the same time there was a pronounced increase in the 
monocytes and lymphocytes which would suggest that there might be an in- 
creased activity of the lymphoid tissue, or that the blood volume decreased and 
certain white cells remained in the circulating blood in full numbers. An in- 
vestigation of the activities of the red bone marrow, the spleen and the lymphoid 
tissue during hibernation will be undertaken in subsequent studies. 

The slight but consistent decrease in the creatinine values might have been due 
to the reduced metabolism at low temperatures, but nothing definite concerning 
this can be said at present, since the values were still within the normal range of 
one to two milligrams per 100 ce. of blood. It is probable that, for the periods 
indicated, the animals had not yet begun to utilize the proteins of the tissues. 


SUMMARY 


Induced hibernation in the ground squirrel, C7tellus tridecemlineatus (Mitehill), 
for periods of eight to twenty-eight days, resulted in significant changes in the 
blood picture. These changes are: a decrease in the total red cell count and the 
hemoglobin content; a slight decrease in the total white cell count, a decrease in 
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the number of neutrophils, and an increase in the number of lymphocytes and 
nonocytes; a slight decrease in the specific 


gravity; and a decrease in the er 
tinine and glucose contents. 
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The results of experiments by a number of investigators (for review se 
Quastel (1)) indicate that the brain uses carbohydrate as its sole source of energy. 
This work has been relatively incomplete in regard to the ability of the brain to 
metabolize the ketone bodies. Goldfarb and Himwich (2) determined the 
arterio-venous differences in acetone body concentration in phlorizinized and 
depancreatized dogs. They found differences of less than 2.4 mgm. in most of 
their experiments. This work has not been confirmed. 

Since these experiments were done there has been considerable improvement 
in the sensitivity of the methods by which the blood ketones can be determined. 
Furthermore, no experiments have been carried out on animals allowed to be- 
come habituated to the ketotic state; this might well be a factor determining the 
ability of the brain to use these substances. In view of this and because no 
experiments have been reported on fasting dogs it was thought that a redeter- 
mination should be undertaken. 

The evidence that carbohydrate is the sole source of brain energy has been 
deduced partly from the determination of the respiratory quotient. In vivo 
experiments of Himwich and Nahum (3) gave an R.Q. of 1.0, those of Lennox 
(4) an R.Q. of 0.95 and Wortis, Bowman and Goldfarb (5) in a large series report 
an average R.Q. of 0.98. In vitro experiments have given the same results. It 
should be noted however that an R.Q. of approximately unity, while indicating 
no oxidation of fat, would be entirely consistent with the oxidation of ketone 
bodies since the theoretical R.Q. of aceto-acetic is 1.0 and of B-hydroxybutyric 
acid is 0.9. In view of the ready oxidation of the ketone bodies by other tissues 
(for literature see Crandall, Ivy and Ehni (6)) evidence obtained from the 
determination of the respiratory quotient cannot be assumed to be final. 

As a result of in vitro experiments on this question Krebs and Johnson (7) 
and McGowan and Peters (8) have found that aceto-acetate produces an increase 
in oxygen uptake by brain tissue; the former authors suggested that ketone bodies 
are an intermediate in carbohydrate as well as in fat metabolism. 

Mrtruops. The ketotic state was produced in dogs by starvation and fat 
feeding. After an initial two or three days of starvation the dogs were fed 100 
ec. of olive oil daily. The period of starvation and fat feeding lasted from 
two to six weeks. 

Arterial blood was drawn from the femoral artery. Venous blood was drawn 
from the superior longitudinal sinus, through a trephined opening in the skull. 
Kleven dogs were used. Nine of the animals were anesthetized with nembutal. 
In two dogs the trephined opening was prepared, under nembutal, 24 hours before 


the experiment, and the blood samples were drawn using local anesthesia (novo- 
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eaine) only. These animals are listed as unanesthetized. In three experiments 
the blood was oxalated, in two animals caleamine fast pink was injected intra- 
venously to prevent coagulation and in six of the animals heparin was used. 
The blood was drawn directly into tonometers, displacing mercury, without 
contact with air. Arterial and venous samples were drawn at the same time and 
as nearly as was possible at the same rate. Blood for acetone body and glucose 
determinations was removed from the tonometer and the proteins precipitated 
immediately. The blood remaining in the tonometer, used for gas analysis, was 
kept in ice water. Ketone bodies were determined by the method ot Crandall 
9), glucose by the method of Schaffer and Somogyi (10), using the copper r¢ 


TABLE 1 
Cerebral metabolism in fat fed fogs 


KETONE BODIES 
AS B-HYDROXY 


ANTICOAG — MGM. MI Os R. MGM. /100 
USED FAT FED DIFI 
\ A-V diff \ A-Vd 
l. percen 
] Nemb. | K. Ox 2 6.4 —0.5 
6.1 —0.5 
2 Nemb. | kK. Ox 2} 13.8 +01 120) 2 
11.4 —().1 12] 2 
3 Nemb KK. Ox. 3 37.58 +-().7 6 
30.3 +0.3 61 S 


} Nemb. | C.F.P 3 

Nemb. | C.F.P. 

6 Nemb. Hep } 1.8 —0.7 5.9 0.96 
5 


7 Nemb. Hep. +01 22 0.97 16 
8 Nemb. Hep. 1.6 +0.2 13.42 0.95 
9 Nemb. Hep 6 64.3 —().4 5.6 1.19 
10 None Hep. 5 21.9 +0.4 11.25 0.96 62 16 
11 None Hep 2 13.9 +0.6 8.1 0.97 
Mean +-(). 057 8.55 1.01 9 0) 
Standard error of mean +0 .12 +0. 029 


agent for minimal sugar values. O» and CO, were determined by the method 
of Van Slyke and Neil (11). 

Resutts. ‘Table 1 lists the experimental data. No arterio-venous difference 
greater than 0.7 mgm. per 100 ml. was found in the concentration of the acetone 
bodies. As the method has an accuracy of +5 per cent all differences are within 
the range of the error of the experimental method. The mean arterio-venous 
difference was +0.057. The standard error of the mean was +0.12. The level 
of ketosis varied widely giving an opportunity to test ketone body utilization at 
various concentrations. The level of ketosis usually bore some relation to the 
duration of fat feeding. 

The arterio-venous oxygen differences show variations from 6 vol. per cent to 
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13 vol. per cent, the variation probably depending at least in part upon the rat: 
of blood flow through the brain. The respiratory quotients fell between 0.95 an: 
1.19. The mean is 1.01 with a standard error of +0.029. If the exceptions 
value 1.19 found in experiment 9 is omitted the mean becomes 0.98 with 
standard error of +0.016. 

Discussion. Our results show definitely that there is no significant utiliza- 
tion, or production, of acetone bodies by brain under the conditions of our 
experiments. The results of Goldfarb and Himwich (2) are extended by ow 
experiments to include animals which are well habituated to the ketotic state 
It appears unlikely that there are any conditions in which the brain removes 01 


| 
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adds acetone bodies. In a recent paper, Crandall, Ivy and Ehni (6) have sug- 
gested that ketosis may be regarded as a manifestation of a special type of 
metabolism occurring in the glucoprivie state, since acetone bodies are added 
to the blood by the liver only when the supply of glucose is inadequate and since 
the acetone bodies can replace glucose in some phases of metabolism. It is 
evident that acetone body production by the liver, which supplies a fuel which 
can be substituted for glucose by muscle tissue, does not serve the same purpose 
for the tissue of the central nervous system. In fact, the substitution of acetone 
bodies for glucose in muscle metabolism apparently serves to conserve glucose 
for the needs of the brain, which appears to be completely dependent upon this 
fuel. 

Krebs and Johnson (7), as a result of in vitro experiments, have postulated that 
the ketone bodies are intermediates not only in fat metabolism but also in that 
of carbohydrate. They report an increase in oxygen uptake of sliced pigeon 
brain cortex in the presence of aceto-acetate. Our experiments clearly show 
that the brain in vivo does not use ketone bodies from the blood. Since these 
substances are readily diffusible it seems improbable that the brain itself 
produces acetone bodies and burns them as rapidly as they are produced. The 
fact that the respiratory quotient of the brain is unity indicates that they are not 
formed from fat for oxidation in situ. The respiratory quotients also indicate 
that there can be little or no direct burning of fat even after prolonged fat 
feeding. 

The figures on the glucose used by the brain give a mean arterio-venous dif- 
ference of 9 mgm. per 100 ml. This is practically identical with a value of 9.7 
mgm. which we have obtained (unpublished data) in dogs in the postabsorptive 
state. Himwich and Nahum (3) have reported that the brains of depancreatized 
and phlorizinized dogs use glucose. Various observers have found mean arterio- 
venous differences of 9 mgm. (4), 11.2 (12), 13.5 mgm. (13), 12.5 mgm. (14) and 
9 mgm. (5) of glucose in normal dogs and men. It is evident that the values 
which we have found vary little from normal values, indicating that the utilization 
of glucose by the brain is not markedly altered by the period of fat feeding. 

The arterio-venous oxygen differences are also approximately the same as 
those reported by others. Various observers have found mean oxygen differ- 
ences of 6.2 (4), 10.12 (3), 6.4 (13), 7.04 (14) and 6.9 (5) vol. per cent in dog and 
man. These results are reasonably in accord withthe mean value of 8.55 vol. 
per cent found by us. 
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In our experiments as well as in the others cited above, the relation between 
the glucose difference and the Oy, difference is not exact. If we compare the 
four experiments in which blood sugar and oxygen differences were determined 
on the same samples we obtain a mean glucose utilization of 13.5 mgm. per 100 
ml. which would require 10 vol. per cent of Oo. The actual mean QO» difference 
in these experiments is 8.84 vol. per cent. If there is a lag between glucose re- 
moval and the oxidation of that glucose, variations in the rate of glucose removal 
or of blood flow could account for the lack of agreement. 


SUMMARY 


The brain of the dog which has been fed fat for a sufficient time not only to 
develop ketosis but to become habituated to the ketotic state does not burn 
acetone bodies. 

The brain of the fat fed dog has an R.Q. of approximately 1.0. 

The amounts of oxygen and glucose removed by brain during the ketotic state 
are not significantly different, in terms of milligrams per 100 ml. of blood, from 
those removed by the brain tissue of normally fed animals. 
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It has long been believed that the potential of injured heart muscle is con- 
stant and is maintained during systole at the resting negative level of potential. 
Therefore, it has traditionally been accepted that the monophasic character oi 
the potential changes recorded eleetrographically with direct bipolar leads, one 
of which is placed upon the area of injury, is due entirely or predominantly to 
potential changes at the electrode over the uninjured area. 

These views have been contested by Wilson and his associates (1) who showed 
by means of unipolar lead electrograms that during ventricular systole th 
potential of injured cardiac muscle does not remain constant at the resting value, 
and they presented evidence that the monophasic curve of action potential 
recorded from an injured area of heart muscle is, in fact, derived from important 
potential changes occurring at the area of injury whose participation had hitherto 
been considered negligible or absent. These observations were subsequently 
confirmed by Eyster and his collaborators (2), who also demonstrated that 
during activity the injured region actually changed from a negative to a positive 
potential with reference to the potential of uninjured resting ventricular muscle. 

That these reports did not indisputably reverse the traditional concepts was 
apparent, however, from a publication by Jochim, Katz and Mayne (3). Their 
observations, based on transient cardiae injury produced by pressure, were 
interpreted as supporting the earlier view that the monophasic response obtained 
by leading off from injured and uninjured spots represents chiefly potential 
changes in the latter. However, in a report of later experiments from Katz’ 
laboratory (4) the findings were considered to be in agreement with those of 
Wilson and of Eyvster, but Katz and Jochim (5) adhered to the interpretation 
that “the potential changes are caused by alterations in the potential of the 
‘indifferent’ electrode due to the changes in the state of polarization of the 
uninjured syncytial cell of the heart.” 

Because a solution of this question has an important bearing both on the 
theoretical concept of the genesis of electrical currents established by injury to 
the heart, and in electrocardiographic interpretation of acute heart muscle 
injuries (coronary thrombosis) in man, more work in this direction seemed 
desirable. 

We have attacked the problem from a unique approach; namely, by compar- 
ing electrographic records Of potential changes in injured hearts with direct 
measurements of potential differences through the use of a microvoltmeter. 

ELECTROGRAPHIC OBSERVATIONS. Potential time curves (electrograms) were 
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recorded directly from the exposed heart in experiments on nine frogs. “The 
tracings were obtained through nonpolarizable silver-silver chloride electrodes 
connected with a standard string galvanometer cleetrocardiograph (Cambridge 
Instrument Co.); a measurable resistance was introduced into the cireuit with 
the aid of a potentiometer when required to keep the size of the resultant 
eclectrograms within the dimensions of the film of the recording Camera Both 
unipolar and bipolar electrograms were obtained; in the former the lead con 
tacts were at the cardiac apex (the site of subsequently induced injury) and at a 
distant point which was usually an exposed thigh muscle, and in the latte 
they were at the eardiae apex and base. The lead connections were so mace 
that in the bipolar lead electrogram an upward deflection on the finished record 
represented a negative electrical response at the apex, while in the unipolar 


lead record an upward deflection represented a negative electrical response at 


Fig. 1. Electrograms with unipolar lead (expt. 14 in table 1 \, control electrogram 
B, zero potential baseline; C, electrogram after crushing injury under apical cleet rode 
Asterisk indicates standardization of 3 my 


Fig. 2. Eleetrograms with bipolar lead (expt. 15 in table 1 A. control electrogram 


B, zero potential baseline; C, electrogram after cutting injury under apieal eleet rod 


Asterisk indicates standardization with 3 mv 


the exploring electrode. The potential of the uninjured: resting ventriculsas 
muscle was taken as the reference level of potential. 

Bipolar lead experiments. Figure 1 illustrates a typical result obtained con 
sistently in seven experiments. It shows the essentially normal electrogram 
obtained before injury and the typical monophasic response recorded after pro 
duction of a crushing injury at the cardiac apex. The upward displacement 
of the galvanometer string after injurv reveals a resting injury potential of 
—16 my. as compared with the resting potential in the uninjured state. The 
sharp downward deviation corresponding with the ventricular activity reveals 
that during svstole the negative rest potential of the injured area is not only 
obliterated but that in addition a positive potential of +15 my. is developed 
with reference to the potential of the uninjured resting ventricular tissue 

Unipolar lead experiments. Only two experiments were performed for the 
results were the same in each (fig. 2) and were consistent with the observations 
of others and with the electrograms we obtained with bipolar leads. When 
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the exploring electrode was placed in contact with the injured region the ven 
tricular complex was monophasic in outline and was fundamentally similar t: 
the electrograms obtained with bipolar leads. The change of potential in th: 
positive direction was of sufficient magnitude to obliterate the negative injury 
resting potential and also to cause an additional positive deflection with respect 
to the reference potential. 

The eleectrographie results of all nine experiments are summarized in table | 

MicROVOLTMETER OBSERVATIONS. The availability of a vacuum tube micro 
voltmeter, recently devised by Burr, Lane and Nims (10), offered the oppor 
tunity of measuring direct current potentials in injured hearts; and information 
derived in this way was considered interesting as a means of verifying our elec 
trographic observations of injury action potentials. 


TABLE 1 


Injury resting and injury action potentials in frog hearts 


Bipolar Unipola 
10* 8mm = 1 mv —2(? +0.4(?) + Crushing 
11 9mm = Imv. K = 20 —S +7 + Cutting 
12 5mm = imv. K = 20 —5 + Cutting 
13 10mm = Ilmv. K = 20 — 24 +24 + Cutting 
14 9mm = 3mv. K = 20 —16 +15 + Crushing 
15 9mm = 3mv. K = 20 —16 +15 + Cutting 
16 lcm =Z3mv. K =? —2 +6 + Cutting 
17 lem =3mv. K = —13 +10 + Cutting 
IS lem = lmv. K = 100 —4 +4 a Crushing 
Average —10.0 +9.9 


* This single experiment was carried out with a Sanborn ‘‘Cardiette”’ eleetrocardiograph, 
and the standardization was not precisely controlled. 
+1. R. P. refers to injury resting potential. I. A. P. refers to injury action potential 


The device employed is essentially a high sensitivity but relatively stable 
electrometer which, because of a high input impedance, draws virtually no eur- 
rent from the specimen under test. The designers state that the instrument 
is widely independent of resistance of the specimen, and that measurement ot 
potential differences as small as 10 microvolts is made possible. © Non-polarizable 
silver-silver chloride electrodes were used; each electrode was enclosed in a 
glass tube filled with 0.77 per cent saline solution and terminating in an opening 
of 1 to 2 mm. diameter that was plugged with a wick through which gentle 
contact with the heart was made. 

The applicability of the microvoltmeter for observations of this nature was 
verified in experiments on exposed skeletal muscle in eleven frogs and two dogs. 
Direct current potentials were measured with a proximal electrode on the belly 
and a distal electrode near the tendinous insertion of the muscle. These meas- 


urements were repeated after a crosswise incision partway through the muscle 
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at the site of the proximal electrode. The results obtained appear in table 2; 


they show that a D.C. potential difference due to injury was readily detected 


by the instrument employed, and the values obtained were approximately of 
the expected order of magnitude (11 

Having established the fundamental validity of the microvoltmeter for the 
measurement of D.C. injury potentials in skeletal muscle, observations were 
undertaken on the exposed heart. Direct leads were obtained with one elee- 
trode in contact with the cardiac apex which was subsequently made the site of 
injurv by cutting or crushing the tissue; the second electrode was placeX either 
on the base of the heart (bipolar lead) or on an exposed but uninjured thigh 
muscle (unipolar lead). Unipolar lead records with the exploring electrode in 


TABLE 2 


D.C. potentials in skeletal muscle injured by cutting 


UNINJURED MUSCLE 
POTENTIAL 


Average 


Dog 


Dog 


contact with the uninjured base of the heart and the indifferent electrode on the 
thigh muscle were also obtained for control. 

Preliminary experiments on the exposed and beating hearts of the dog and 
cat revealed that the physical characteristics of the galvanometer in the micro 
voltmeter rendered it unsuitable for following the potential variations in such 
rapidly beating hearts. Our observations were therefore derived chiefly from 
the slowly beating exposed hearts of frogs. 

In all such experiments on eleven frog hearts the following were consistently 
observed : 

1. With both bipolar and unipolar leads from the surface of the uninjured 
and beating heart, the microvoltmeter showed either no deflections at all in 
systole, or at most a deflection of one millivolt with contraction. Since the 
validity of the technic had been established in the skeletal muscle experiments, 


Frog +2 —12 14 
Frog +] 12 13 
—2.5 —5.5 3 
+2.5 1] 
0 —5 5 
-16 13 
+4 —13 17 
+1 14 15 
—10 24 14 
—j 10 
—12 11 
—().64 —12.0 11.4 
iz —1.5 —40.5 39 
1.5 —45.0 13.5 
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it appeared that the voltmeter galvanometer had too long a period adequatel) 
to record the changes of potential of the order of magnitude and duration 
encountered in the uninjured heart during systole. 

2. Similar negligible changes in potential were observed after crushing o1 
cutting the cardiac apex, provided the electrode was not within the area oi 
injury. Apparently the presence of a fresh injury did not modify the potentials 
obtained from distant uninjured tissue. 

3. When, on the other hand, the exploring electrode was actually touched 
to the injured site, a steady negative potential of several millivolts was recorded. 
This was to be anticipated from established knowledge that a fresh injury sets 
up a negative potential between injured and uninjured muscle. 

Moreover, coincident with contraction of the heart this negative potential 
momentarily disappeared or declined from one to several millivolts. This might 


COMPLETE 
BIOCK 


MILLIVOLTS 


Fig. 3. D.C. potentials recorded from apex of frog heart before and after a cutting 
injury at this site, and before and after the induction of A-V block. Throughout the 
experiment the potential from an uninjured portion of the ventricle varied from 
—1 to —3 mv. 


be correlated with the earlier electrographic observation of the development of 
a positive potential at the injured site in systole. That only a relatively and 
not an absolutely positive potential was thus observed during the moment 
of systole might be explained by the unduly long period of the measuring device. 

4. When the beating of the ventricle was arrested by auricular-ventricular 
compression, a still larger and sustained negative potential was recorded with 
one electrode on the injured area. The average potential difference so recorded 
was 11.4 mv., with a range of from 3 mv. to 17 mv., in eleven experiments. The 
observed larger injury potential in the arrested heart as compared with the 
beating heart suggests that in the voltmeter observations the beating heart 
gives an incomplete picture of the disturbed electrical phenomena represented 
by the monophasic electrographic curve. Similar effects were noted in the 
arrested and injured heart which was mechanically stimulated to contract. 

A graphic representation of an actual experiment showing the above phe- 
nomena is to be seen in figure 3. 
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ComMMENT. The view that in the unipolar lead electrogram the location of 
the distal electrode is relatively unimportant for the character of the curve 
6, 7, 8, 9) appears to apply also to the monophasic injury current (1, 2, and our 
results) and therefore supports the conclusion that the electrographic curve 
represents chiefly the potential changes at the electrode in contact with the 
injured region. 

The actual reversal of potential from negative to positive during systole, as 
we obtained with bipolar and with unipolar leads (figs. 1 and 2), confirms the 
recent observations of Eyster (2), Ashman (17), and Katz (4), and together 
these findings argue strongly against the view that the electrical response in 
systole is attributable solely or primarily to potential changes in the uninjured 
region distant from the boundary of injury. 

The microvoltmeter observations were entirely consistent with the electro- 
graphic findings. As was to be expected from the physical characteristics of 
the apparatus, the microvoltmeter proved unsuitable for following the relatively 
rapid changes of potential occurring in the normal heart muscle during systole. 
However, the electrical disturbance represented by the monophasic electrogram 
is of longer duration, and this was successfully followed by the microvoltmeter 
in direction but not accurately in magnitude or time values. Since our results 
were obtained when the ‘exploring’ electrode was in contact with the injury, 
but not when it was in contact with uninjured tissue, it appears that the injured 
region exhibits important changes of potential represented by a monophasic 
electrogram, and that the monophasic record so obtained results largely, if not 
entirely, from changes occurring at the injured site. (This conclusion has no 
bearing on the question of whether the beginning, the duration, and the steep- 
ness of the initial ascent of the monophasic curve in bipolar leads are caused 
chiefly by changes of potential occurring at the electrode in contact with the 
injured or uninjured tissue.) 

Such changes in potential occurring within the injured area do not necessarily 
indicate that the injured heart muscle cells are active. The deflection of the 
galvanometer could result from activity of the immediately adjacent tissue 
with suitable displacement of electrical charges thereby determined. This 
opinion appears to be in harmony with observations from Eyster’s laboratory 
(12, 18). Moreover, monophasic curves have been obtained also from unin- 
jured tissue (13, 14, 15, 16) when an area of normal tissue fails to respond to a 
stimulus which causes activity in other regions of the same myocardial unit. 
In the latter experiments the non-responding tissue does not manifest a negative 
injury potential at rest and the entire monophasic curve is positive. 

A polarized double-ring of electrical charge limiting the injured tissue, as 
conceived by Eyster and his associates (2), gives a representation of the dis 
tribution of the electrical charges both at rest and during activity on the assump- 
tion that the electrical changes responsible for the monophasic injury curve 
occur in the muscle surrounding the injured area. 

It remains to be seen whether the injury causes simply a partial (4, 16) or a 
complete depolarization of the injured surface, or also more profound electrical 
changes. <A partial depolarization may explain the reversal of potential from 
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negative to positive during activity, but not the shifting to a positive value 
with reference to the uninjured resting tissue. For this to occur the action 
potential of the surface of the normal tissue should become negative with 
respect to the potential prevailing inside the resting cells. In fact, Curtis and 
Cole (19) have recently found that during the passage of an impulse the outside 
of the membrane of the squid giant axon acquires a negative potential with 
reference to the inside. Should these observations prove valid also for other 
excitable tissue, they might give a satisfactory explanation for the origin of the 
potential changes in injured heart muscle. 


CONCLUSIONS 

Evidence obtained both electrographically and by means of a suitable micro- 
voltmeter indicates that the surface of an area of injury in the beating heart is 
the site of important changes in electrical activity during systole, and that the 
monophasic electrogram obtained from the injured beart results predominantly 
from potential changes at the electrode over the injured area. Our observations 
therefore stand in opposition to the traditional view in this regard, and they 
confirm the stand recently taken by several others (1, 2). 


We wish to thank Dr. H. 8. Burr and his associates in the Department of 
Anatomy for making available to us the microvoltmeter employed in this study. 
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The relative volume of cells and plasma in the blood is usually determined by 
centrifugalization of a known volume of blood and by reading the volume of each 
component directly from a graduated hematocrit tube (1). The validity of this 
method rests upon the assumption that centrifugalization effects complete sepa- 
ration of cells from plasma, and that the shape of the cells is altered to the extent 
that they pack completely, i.e., with elimination of all intercellular space and 
exclusion of all plasma from among the cells (2). Millar (3) and Kennedy and 
Millikan (4), however, demonstrated that cells and plasma are not completely 
separated by the centrifugal force usually employed, but are separated completely 
only by a centrifugal force of a magnitude sufficient to produce cellular disinte- 
gration. Employing various techniques many investigators have demonstrated 
that the true cell volume is always less than the cell volume indicated by the 
centrifuge hematocrit method. The magnitude of this difference as reported 
has varied between 2 and 12 per cent. 

We have found that the true cell volume may be determined accurately by a 
colorimetric method employing the dye T-1824 (Evans Blue). This method is 
simple, practical, and gives consistent results which we have verified by methods 
employing erythrocytes tagged with radioactive iron, and by determinations of 
plasma protein concentrations before and after dilution of blood with isotonic 
salt solution. These methods have shown the true hematocrit to be consistently 
8.5 per cent less than the value indicated by the centrifuge hematocrit method, 

Metuops. All blood used for these experiments (with the exception of the 
radioactively “tagged” cells) was drawn by venipuncture from normal human 
adults, care being exercised to avoid hemolysis. The dry oxalate mixture of 
Heller and Paul (5), which does not alter the erythrocyte volume (6), was used 
as an anticoagulant, 2 mgm. per ml. of blood being used uniformly. 

The radioactive iron (Fe®*) was prepared by deuteron bombardment of iron 
phosphide in the Harvard cyclotron.! The separation and the technique of 
quantitative estimation of the radioactive iron have been described elsewhere 
(7,8). The radioactively “tagged” iron was fed to a patient with hypochromic 
anemia, and after incorporation of the radioactive iron in newly formed hemo- 
globin and cells (9), venipuncture was performed and the blood collected in 2} 
per cent sodium citrate solution. 


1 We are indebted to Dr. B. R. Curtis and other members of the Harvard cyclotron crew 
for preparation of the radioactive iron 
147 
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The dye T-1824 (Evans Blue) (Eastman Kodak Co., lot no. 3873), in accu- 
rately weighed amount was dissolved in 0.85 per cent aqueous sodium chloride 
solution (isotonic salt solution) to give a concentration of 1.5000 mgm. per ml. of 
solution. Preparation and standardization of this solution was carried out as 
described by Gibson and Evans (10) using 8 different dilutions for accurate de- 
termination of the dye constant (IX). The stock dye solution was diluted with 
isotonic salt solution to give a final coneentration of 0.0600 mgm. per ml., a con- 
centration suitable for use in the following experiments. 

Colorimetric determinations of dye concentrations in plasma were performed 
on the Evelyn photoelectric colorimeter using the 620 and 540 filters as described 
by Gibson and Evelyn (11). 

A size 2 International Equipment Co. centrifuge with a no. 240 head having 
an effeetrve radius of 18 em. was used. A relative centrifugal foree (R.C.F.) of 
1800 was obtained by centrifugalizing all hematocrits at 3000 r.p.m. (rate con- 
trolled with an attached tachometer) for 1 hour. Wintrobe tubes (1) were used, 
and duplicate or triplicate determinations were made on each blood sample. The 
readings in each instance checked within + 0.2-0.3 per cent of the whole blood. 
All hematocrit readings cited include both the red cell column and the buffy coat, 
to allow direct comparison with the colorimetric and other methods of cell volume 
determination. This was deemed preferable to the practice of adding a constant 
value of 0.5 vol. per cent to the erythrocyte volume percentage (12), since the 
depth of the buffy coat varied considerably in different samples of blood. 

Plasma protein determinations were performed according to the method of 
Kagan (13), calculations being based on an average of 4 determinations. 

All volumetric glassware was recalibrated and chemically clean. 

PROCEDURE AND EXPERIMENTAL RESULTS. The volume of cells was deter- 
mined by 5 methods: 1. By determining the dilution of a known amount of dye 
added to a known amount of blood. 2. By determining the concentration of 
dye in the plasma of a blood-dye mixture, and then, by repeated washings of 
the cells with isotonic salt solution, removing all dye from the interstices of the 
cell mass, and colorimetrically determining the total dye present in the plasma 
and washings. 3. By determining the dilution of radioactively ‘tagged’ eryth- 
rocytes added to a sample of blood. 4. By determining the dilution of plasma 
protein produced by mixing known volumes of blood and isotonic salt solution. 
5. By centrifugalizing blood at an R.C.F. of 1800. 

A. The true cell volume as indicated by the dilution of a known amount of dye 
added to a blood sample. The blue dye T-1824 is suited for use in determining the 
plasma volume since, when added to blood, it is distributed through the plasma 
but does not enter the cells (14). Quantitative recovery of the dve has consist- 
ently been obtained by washing the cells. Other notable properties of the dye, 
which perhaps contribute indirectly to this behavior, are that it rapidly com- 
bines with (or becomes firmly attached to) the globulin fraction of the plasma 
proteins, is separated from them only by rigorous procedures, and is not dialyz- 


able through a collodion membrane (15). Thus, by determining the dilution of a 
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known amount of dye in a known volume of blood, the plasma volume and subse- 
quently the cell volume can readily be determined by applying the equations: 
Equation 1: Volume of plasma (ml.) = 
Mgm. dye added to the blood sample 
Concentration of dye in the plasma (mgm./ml.) 
Equation 2: Volume of cells = volume of blood in sample—volume of plasma 
The procedure and results of a typical experiment are given below: 
Ten milliliters of oxalated whole blood were transferred to a centrifuge tube « 


1.00 ml. of dye solution (0.0600 mgm. of dye) and the two were thoroughly mixed by 


TABLE 1 


TRUE CELL 
THAN CENTRIFT 


CONCEN HEMATOCRIT 

VOLUME OF VOLUME OF 
VOLUME OF . TRATION 

7 BLOOD AND PLASMA AND 
BLOOD IN 4 DYE IN 

x ADDED DYE VOLUME OF 

SAMPLE SOLUTION DILUTED \LINI 

PLASMA 


Ms 
00913 
00916 
00912 


OOSS6 2.4 16.3 
OOSSS 
OOSS1 < 4' 16 


16.5 


OOS25 < ‘ 
00826 26 3 10) 
OOS822 3 7 1) 


10.6 3.4 


Comparison of the cell volume as determined by centrifugalization and by dye dilution 


inversions of the tube, care being exercised to avoid hemolysis. After a short period of 
centrifugalization the dyed plasma was removed and the dye concentration determined 
colorimetrically by comparison with dye-free plasma obtained from a mixture of 5.00 ml 
of the same oxalated blood and 0.50 ml. isotonic salt solution (which was added to compen- 
sate for the saline in the dye solution). Having determined the plasma dye concentration, 
and knowing the total amount of dye added to the blood, the volumes of plasma and cells 
present in the blood sample were calculated by application of equations 1 and 2 

The consistent results obtained with the colorimetric procedure and the constant rela 
tionship which these results bear to the centrifuge hematocrit determinations are illustrated 
in table 1, in which separate determinations on three aliquots ot three separate blood 
samples are tabulated. The values obtained by the dye method agree within the limits of 
accuracy of the galvanometer readings of the colorimeter (1 per cent), and in each instances 
are approximately 8.5 per cent lower than the centrifuge hematocrit.? 


2 Volume per cent difference should not be confused with per cent difference 


PER N 
ml mil n 
A 1 10.00 11.00 ( 6.57 14.3 18.4 
2 10.00 11.00 ( 6.55 14.5 18.5 
3 10.00 11.00 ( 6.58 14.2 18.3 
14.3 18.4 4.] 8.5 
Bl 10.00 11.00 
2 10.00 11.00 0 
3 10.00 11.00 0 
$2.5 1.0 8 6 
Ci 10.00 11.00 0 ) 
2 10.00 11.00 0 
3 10.00 11.00 0 | 
8 4 
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B. The cell volume as indicated by the concentration of dye in the plasma of a 
blood-dye mixture and the recovery of dye from the sample. This method differs 
from the first only in the method of determining the total amount of dye which is 
present in the sample, but substantiates the observations of Gregersen and Shiro 
(14) that all dye can be recovered from the cells by repeated washings, and indi- 

cates that significant amounts of dye do not pass into either erythrocytes or 

leucocytes. It is applicable to samples of blood in which the exact dye content 

is not known (e.g., samples withdrawn from patients during plasma volume de- 

terminations with the dye method). A typical experiment and the results 
obtained are described: 

Oxalated blood (10.00 ml.) was thoroughly mixed with 1.00 ml. of dye solution 
(0.0600 mgm. of dye) and after centrifugalization the plasma was pipetted off and 
placed in an accurately graduated container. The plasma dye concentration was 
determined as in procedure A, and all plasma was saved (this is feasible when the 
micro-unit of the colorimeter is used). Isotonic salt solution (3.00 ml.) was then 
mixed with the cells and after centrifugalization the supernatant fluid was re- 
moved and added to the original plasma. Three such washings were carried out, 
the wash fluids being saved with the plasma. The final washing was free from 
visible evidence of dye content. 

The total volume of combined washings and plasma was then read from the 
graduated container, and the concentration of dye determined colorimetrically by 
comparison with dye-free plasma proportionately diluted with isotonic salt 
solution. The total dye originally present in the blood sample was then calcu- 
lated, and equations 1 and 2 applied to determine the plasma and cell volume. 

The accuracy with which the cell volume may be determined by this method is 
shown in table 2, and the results are compared with those obtained by the method 
outlined in procedure A and with those obtained by centrifugalization. 

Gregersen and Shiro (14) demonstrated that when blood samples containing 
either the dye T-1824 or Brilliant Vital Red were centrifugalized, an average of 
4.2 per cent (ranging from 2.3 to 7.0 per cent) of dye (and plasma) remained in 
the cell mass., This is not to be interpreted as indicating that the true cell volume 
is 4.2 per cent lower than the centrifuge hematocrit, as has been done by Stead 
and Ebert (16) and Shohl and Hunter (12). As shown in table 3 the per cent of 
plasma retained in the cell mass does not represent the percentage difference be- 
tween the actual hematocrit and the centrifuge hematocrit. Thus the inclusion 
of 5.7 per cent of the plasma in the cell mass produces an error of approximately 
8.3 per cent in the centrifuge hematocrit. 

(’. Determination of the true cell volume by dilution of radioactively “‘tagged”’ 
erythrocytes and dye. The radioactive isotope of iron (Fe®’) when fed to anemic 
individuals is incorporated in newly formed hemoglobin within the erythrocytes 
(9), where it remains until the disintegration of the cell (17). Appropriate tech- 
niques allow the quantitative detection of this material, and by adding erythro- 
cytes containing a known amount of radioactivity to a sample of blood, the exact 
blood volume can be determined from calculations of the dilution of the radio- 
activity. Subsequent calculations, based on dye dilution, will indicate the 
plasma volume and the cell volume. 
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Citrated blood (49.98 ml.) containing erythrocytes “tagged” with radioactive 
iron was pipetted into a 250.00 ml. volumetric flask. The total radioactivit y* of 
this blood (as indicated by measurements performed on other aliquots of the 
same blood) amounted to 681.5 counts per minute. Dye solution (1.00 ml 
containing 1.5000 mgm. of T-1824 was added and the volume made to 250.00 ml. 
with normal compatible blood. Complete mixing was effected without hemoly- 
sis, and 5 aliquots (20.00 ml. each) were removed and their content of radioaec 


TABLE 2 
CELL VOLUME PER ‘\T DETERMINED BY 
SAMPLE 
2 13.7 
$2.6 38.7 9.2 
19.6 15.4 5.5 
5 40.9 36.4 6.2 
6 14.0 10S 10.8 
Cell volume per cent determined by centrifugalization, dye dilution and dye recovery 
TABLE 3 
TRI ELL VOL 
|pituTep| CONCEN DYE IN PLASMA HAN CENTRI 
LUME TRATION TRUE 
SOLI PLASMA FU HEMATOCRIT 
OF TION ABOVE DYE IN PI MA 
SAMPLE | appED | CELLS 
PLASMA Among Ce r \ lur 
cells fu per ce 
ml ml .* mi. mem. ml mem per per 
ent cent eni 
] 10.0 1.0 6.10 0.00925 0.0564 94.0 6.0 54.9 19.0 $5.1 3.9 S 
2:10.00; 1.0 | 6.64 | 0.00857 (0.0569 194.8 | 5.2 | 60.0 | 43.6 40.0 3.6 8.3 
3 | 10.0 1.0 | 6.23 | 0.00905 (0.0564 [94.0 | 6.0 | 56.3 | 47.7 | 43.7 1.0 S.4 
} 10.0 1.0 6.74 0.00844 0.0569 94.8 5.2 61.0 12.6 | 39.0 >.6 8.5 
5 | 10.0 1.0 6.04 0.00932 0.0563 93.8 6.2 54.4 9.6 45.6 1.0 S 
(Average S.3 
* 0.0600 mgm. dye T-1824 per ml 
The amount of dye and plasma remaining in the cell mass and comparison of the cell 


volume determined by dye dilution and centrifugalization 


tively ‘‘tagged”’ cells determined. The radioactivity was found to be 2.7 counts 
per minute per ml. of blood-dye mixture, indicating the total blood volume to be 
252.4 ml. (an error of 0.9 per cent). 

The plasma volume, determined as in the preceding experiments, was found to 
be 167.5 ml. The cell volume was, therefore, 84.9 ml. or 33.6 volumes per cent of 
the blood sample. The average of 4 centrifuge hematocrit values was 36.7 vol 
umes percent. The true cell volume was thus 8.5 per cent lower than the centri 
fuge hematocrit. 


’ Radioactivity reported in counts per minute on a Geiger-Miller countes 
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D. Determination of the true cell volume by measurement of plasma protein dilu- 
tion. ‘The concentration of protein per unit volume of plasma may be determined 
before and after addition of a known amount of isotonic salt solution to a blood 
sample of known volume, and the volume of plasma in the sample calculated from 
the equation: 

Equation 3: 


VP, 
A 


When X = Volume of plasma in the blood sample 
V = volume of isotonic salt solution added to sample 
P, = concentration of protein, in mgm./ml. before dilution 
P, = concentration of protein, in mgm./ml. after dilution 
The volume of cells in the sample is then calculated from equation 2. 

For example, the plasma protein concentration of an undiluted sample of 
blood was 73.50 mgm. per ml. After dilution of 10.00 ml. of blood with 1.00 ml. 
isotonic salt solution, the concentration was 62.00 mgm. per ml. Applying 
equation 3: 


1.00 ml. X 62.00 mgm./ml. 


Volume of plasma in milliliters = = §.39 ml. 


73.50 mgm./ml. — 62.00 mgm./ml. 
From equation 2, the volume of cells = 4.61 ml. 
Cell volume = 46.1 per cent 


Application of the dye dilution method to the same sample of blood showed a 
true cell volume of 46.5 per cent. The average of 2 centrifuge hematocrits for 
the blood was 50.6 per cent. 

This method serves as a check on the validity of the dye dilution method for 
determining the cell volume. The results obtained by the two methods agree 
very closely, and both are more than 8 per cent lower than the centrifuge hemato- 
crit. 

Ik. The.effect of variations in the absolute cell volume on the packing of cells. To 
determine the effect of cell volume variations on separation of cells from plasma 
by centrifugalization, the relative volume of cells was adjusted in 7 aliquots of 
an oxalated blood sample by removing plasma from some and adding this same 
plasma to others. In this fashion, the centrifuge hematocrit was caused to range 
from 20.9 to 79.9 per cent. The cell volume of each sample was determined by 
the dve dilution methods deseribed in procedure A and by centrifugalization. 
The results are shown in table 4. 

Comparison of the cell volumes determined by the 2 methods indicates that 
the amount of plasma remaining in the cell mass after centrifugalization varies 
directly with the volume of the cell mass; hence, the relationship of the true cell 
volume to that indicated by centrifugalization is constant. 

F. The cell volume determined by the colorimetric and centrifuge hematocrit meth- 
ods in the blood of different human subjects. The cell volume of blood from numer- 
ous human subjects was determined by centrifugalization and by dye dilution 
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nethods to ascertain whether or not the variable factors existing in different 
loods (pigments, proteins, etc.) influenced the difference indicated by the two 
procedures. Table 5 lists unselected determinations on blood sample s from 10 
different human subjects. It is evident that the true cell volume is consistently 
some 8.5 per cent lower than the centrifuge hematocrit value. 
Discussion. The concept that separation of cells from plasma Is comple te 


vhen continued centrifugalization at a given rate produces no further packing of 


TABLE 4 
LL VOLUME PER t 
SAMPLE 
Dete ed by Det ed \ e per « 
centrif lizatic colorimetrically 
l 0.9 19.1] Sf 
2 9 .9 27.3 2.6 t 
3 18.4 $14.3 8.5 7.4 
} 53.4 18.7 1.7 8.8 9.2 
5 59 7 54.7 5.0 \ 11.0 
6 68.4 62.5 5.9 S.6 LS. 7 
7 7.0 8.8 25. 
Comparison of the cell volume determined by centrifugalization and by dye dilution in 
iquots ol blood with varying relative cell volumes 
TABLE 5 
CELL VOLUME PER CENT 
PER Ct ER TRAPPED 
centrifugalization colorimetrically 
10.3 37.1 d.2 S.0 5.3 
2 12.6 38.7 3.9 9.1] 6.3 
13.6 39.8 3.8 6 
} 14.0) 10.2 3.8 Q ¢ | 
5 17.5 13.4 S.t 
6 17.7 $3.5 7.4 
7 is. 4 14.5 8.5 7.4 
Ss 19.0 15.1 5.9 S.0 
19.6 15.4 8.5 i 
10 53.4 1.7 
Comparison of cell volume values obtained by the colorimetric and centrifuge hemato 


rit methods on the blood of 10 normal human subjects 


the cell layer is erroneous. Application of an R.C.F. of 1800 (usually employed 
in hematocrit determinations) for 1 hour can be expected to effect only 91 to 92 
per cent complete separation (3). 


Kmploying the simple procedure of dye dilution, we have demonstrated that 


the true cell volume is consistently lower than the centrifuge hematocrit value 


(determined at an R.C.F. of 1800 for 1 hour). The validity of this method is 


based upon the assumption that none of the dye enters the cells. The quantita 
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tive recovery of all dye by repeated washing of the cell mass, and the identica| 
values for cell volume obtained by the plasma protein dilution method serve to 
justify this assumption, and establish the values so obtained as the true ce: 
volume. 

The quite constant relationship between the true cell volume percentage and 
the centrifuge hematocrit in different subjects and over a wide range of cell vol 
ume values suggests that a correction factor might suecessfully be applied to 
centrifuge hematocrits to determine the true values. We are reluctant to advis: 
such a procedure, however, since the degree of packing of the cell layer by cent rif 
ugalization may be influenced by extreme variations of the erythrocyte size, or 
by very marked changes in the specific gravity or viscosity of the plasma. 

The error of the centrifuge hematocrit is large enough to influence materially 
the values of certain procedures which are dependent on the absolute cell volumy 
percentage for accuracy. Thus, a positive error of 8.5 per cent in the hematocrit 
renders the total cell volume, as calculated according to the Keith, Rowntree and 
Geraghty procedure (18), some 15 to 16 percent too high. The actual volume oi 
the individual erythrocyte is less than commonly assumed, and calculations ot 
electrolyte content of erythrocytes based upon analysis of packed cells are prob- 
ably in error (19, 20). In routine hematological procedures in which only com- 
parative values for the hematocrit are necessary, the centrifuge hematocrit is 
satisfactory provided that determinations are made under identical physical 
conditions. 

The value for the true cell volume percentage as determined by us is signifi- 
cantly lower than that reported recently by Shohl and Hunter (12). The differ- 
ent values and wide range of discrepancy (1-6 per cent) between the true cell 
volume and the centrifuge hematocrit reported by these investigators may be due 
to their use of small volumes of blood and large amounts of dye. 


SUMMARY 


1. Centrifugalization of blood as usually performed does not effect complete 
separation of cells and plasma, and gives a value for the cell volume which is 
too high. 

2. The true cell volume can be determined by dilution of the dye T-1824, and 
by dilution of plasma protein. The percentage of cells so determined is con- 
sistently some 8.5 per cent lower than the centrifuge hematocrit value. 

3. The dye T-1824 does not enter into or adhere to the cellular elements in the 
blood in significant amounts, and quantitative recovery is possible. 

4. A technique for determination of the true cell volume percentage in blood 
samples removed during in vivo plasma volume determinations is described. 

5. Use of radioactively ‘‘tagged’’ erythrocytes can be employed for accurate 
determination of blood volume. 

6. The significance of the error introduced in certain procedures by the errone- 
ously high centrifuge hematocrit value is discussed. 
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Nicotine injected intravenously acts on autonomic ganglia, and in suitable 
doses blocks at this site the further transmission of nerve impulses, without 
affecting postganglionic fibers. It has been used, therefore, to locate the pre- 
cise synaptic connections along specific autonomic pathways. 

Sympathetic fibers reach the uterus along the hypogastric nerve, stimulation 
of which gives rise in the rabbit, monkey and pregnant cat, to tetanic contraction 
of the uterus followed by a period of inhibition (1,2). Langley and Anderson (1) 
observed marked reduction, and in some instances abolition, of these responses 
in the cat and rabbit following intravenous injection of nicotine, and they con- 
cluded therefore that the majority of the synaptic connections along this nerve 
pathway lie peripheral to the inferior mesenteric plexus. The hypogastric nerve 
would then convey preganglionic fibers to the uterus. Their observations were 
confirmed by Cushny (3), but recently Sherif (4) has reported that, in the bitch, 
nicotine tartrate injected intravenously had no effect on uterine responses to 
hypogastric nerve stimulation, and has concluded that the hypogastric nerves 
consist mainly of postganglionic fibers. The contradiction in experimental 
evidence remains unexplained. The question has therefore again been taken 
up as part of an investigation of the autonomic pathways to the uterus in the 
monkey. 

MertruHop. Nine experiments were carried out, seven in immature female 
monkeys (Macaca mulatta) and two in bitches. Tre animals were anesthetized 
with nembutal, injected intraperitoneally, and prepared for recording uterine 
movements in response to hypogastric nerve stimulation, as described in a 
previous paper (2). Nicotine alkaloid in 2 per cent solution was administered 
intravenously in doses of 10 mgm. at a time. A total of 40 mgm. was given in 
some experiments. 

Resuuts. In all experiments in the monkey nicotine in sufficient dosage 
abolished the motor phase of nerve stimulation but did not affect the inhibitory 
response. The dose of nicotine varied in different animals. In one monkey 
10 mgm. abolished the excitatory response; in another 40 mgm. had to be given 
before the motor response to nerve stimulation entirely disappeared, although 
it was much diminished after an initial dose of 10 mgm. ‘Two hours after the 
administration of nicotine, stimulation of the hypogastric nerves once more 
gave excitation of uterine activity, and this was again abolished by a further 
dose of nicotine. 

In the bitch the initial excitatory response to hypogastric nerve stimulation 
was never as marked as in the monkey. However, the results with nicotine in 


456 


| 


NICOTINE AND NERVE STIMULATION OF UTERUS 17 


these animals were identical with those obtained in the monkey in that, follow 
ing nicotine (20 mgm.), the excitatory effect of hypogastric nerve stimulation 
was completely abolished 

Discussion. The weight of experimental evidence can only be interpreted 
by concluding that the fibers in the hypogastrie nerves, stimulation of which 
results In a motor response in the uterus of the monkey and bitch, are pre 
ganglionic in nature. Histological evidence in support of such a conclusion 
has been offered by Kuntz and Moseley 5). Sherit’s negative findings (4 
may have been due to a relatively inactive preparation of nicotine; certains 
the high dosage which he used— up to 80 mgm. in some experiments — is well 
within the lethal range. 

The persistence of the inhibitory phase of the response has not been pre 


viously emphasized. It suggests that the svnaptie connections along the 


Fig. 1. A. Uterine response to hypogastric stimulation in the monkey; motor 


inhibitory phases. B. The same. a, hypogastrie nerve stimulation; 6, intravenous 
injection 10 mgm. nicotine; ¢, hypogastrie nerve stimulation; d, intravenous injection 10 


mgm. nicotine; e, hypogastrie nerve stimulation 


inhibitory pathway may lie above the point of stimulation, and the hypogast ri 
nerve would then contain in addition some postganglionic fibers to the uterus 

The loeation along the motor pathway to the uterus of svnaptic connections 
close to the organ of supply, follows the pattern which is associated with the 
parasvmpathetic rather than with the sympathetic branch of the autonomic 
nervous system. There is experimental evidence to support the contention 
that some of the hypogastric nerve fibers to the uterus are cholinergic in mature 
Sherif (4) found that the concentration of acetylcholine in the blood in the 
uterine vein of a bitch was increased by stimulation of the hypogastrie nerves 
and that the contraction of the uterus produced thereby was accentuated by 
the injection of eserine. The influence of cocaine (2) on the uterine reactions 
induced by hypogastric nerve stimulation also indicated that in the rabbit: and 
monkey these nerves contain a relatively higher percentage of cholimergi 


elements. 
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SUMMARY 


In the uterus of the monkey and of the bitch nicotine in suitable doses abolished 
the motor effect of hypogastric nerve stimulation. 

The inhibitory phase in the monkey was not affected by nicotine. 

The evidence suggests that the hypogastric nerves in the monkey contain 
preganglionic motor fibers and postganglionic inhibitory fibers to the uterin« 
musculature, and in the bitch preganglionic motor fibers. 

The motor fibers to the uterus contained in the hv pogast ric nerves of the 


monkey and bitch are probably cholinergic in nature. 
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Little is known about the mechanism concerned in the onset of the syndrome 
of tetany. No single etiological factor is involved and no alteration in any 
single constituent of the body has been found which occurs invariably in tetany. 

According to Dragstedt (2) the most constant change in tetany is the increased 
excitability of the peripheral nerves to electrical stimulation. This indicates 
that the nerve endings are the points primarily affected in this condition. In 
support of this view, Hartridge and West (3) found that in thyro-parathyroidec- 
tomized dogs attacks of tetany could be abolished by sub-paralytic doses of 
curare. West (4) also observed that all three forms of tetany, tonic, clonic and 
fibrillary, can occur from 6 to 36 days after mid-dorsal transection of the spinal 
cords of thyro-parathyroidectomized dogs. 

Contrary to the above, Noél-Paton, Findlay and Watson (5) came to the con- 
clusion that in the tetany following thyro-parathyroidectomy, all the nervous 
symptoms were due to the condition of the central nervous system. Section of 
the nerves abolished all the spasms, tremors and jerkings of the muscles supplied, 
whereas transection of the spinal cord abolished the tonic and clonic spasms but 
not the tremors and jerkings. In tetany due to magnesium deficiency, Green 


berg and Tufts (6) were not able to abolish the convulsions with sub-paralytic 
doses of curare. 


Most of the physiological studies on tetany have been carried out on the 
thyro-parathyvroidectomized dog. Since the characteristics of tetamy vary in 
different animal species, it is desirable to carry out comparative studies on othe1 
species and among these the rat is one of the most convenient. It is also desir- 
able to determine and compare the characteristics of tetany as produced by the 
various known methods. In the present work the characteristics of tetany in 
the rat as produced by a variety of means have been studied. By experiments 
involving administration of barbiturates and curare and by spinal transection, 
evidence has been obtained that the integrity of the central nervous system at 
a level higher than the spinal cord is necessary for the development of the con- 
vulsions of tetany in the rat. In a previous work, Greenberg and Tufts (6) 
through the difference in the pharmacological effect of certain drugs, concluded 
that the midbrain or the pons is in some manner involved in the tetany of mag 
nesium deficiency. 


1 Aided by grants from the Committee on Endocrinology of the National Research Coun 
cil and by the Christine Breon Fund of the Medical School 

2 A preliminary report of this work was presented by title at the New Orleans meeting 
of American Society of Biological Chemists, March, 1940 (1) 


159 


160 D. M. GREENBERG, M. D. D. BOELTER AND B. W. KNOPF 


MertHops or stupy. Tetany was produced by dietary magnesium deficiency, 
dietary caleium and vitamin D deficiency, fasting of rachitic rats, parathvroidec- 
tomy and thyro-parathyroidectomy with dietary calcium deficiency. 

Two stimuli both of a qualitative nature were employed to determine whethe: 
an animal was hyperirritable and thus prone to suffer from convulsions of tetany. 
One stimulus was the hissing sound of an air jet. The other was a mild galvani 
shock from an induction coil. In the latter test the rat was placed on a wood 
plate covered with alternating strips of brass contained on the bottom of a deep 
glass jar, which was connected by wires to the induction coil. The current 
could be turned on and off by a kev as desired. 

Resvuits. The convulsions of tetany in the rat. The motor manifestations of 
tetany in the dog as described by West (4) are 1, tonic, where continued con 
traction of a muscle or a group of muscles produces a strongly marked posture; 
2, clonic, where whole muscles, or a large portion of the fibers of a muscle con- 
tract nearly synchronously, producing jerks and twitches; and 3, fibrillary, 
consisting of a rapid repeated contraction of a small group of fibers in one or more 
areas. Bryan and Garrey (7) observed that tetany in the thyro-parathyvroidec- 
tomized dog is initiated by a rise in body temperature and overventilation due 
to panting. 

A detailed deseription of the characteristic features of the convulsions of 
tetany in the rat as produced by magnesium deficiency has been given by Kruse, 
Orent and MeCollum (8). In an attack, the animal races in a cirele until it 
falls on its side unconscious. The entire body becomes rigid, with head stretched 
back, fore limbs extended at the upper joints and flexed at the metacarpo- 
phalangeal joint, and hind limbs extended backward. The jaws are clenched 
and all respiratory movements cease during the attack to return only with 
relaxation of the musculature. This tonic epileptiform convulsion was the most 
characteristic feature observed in the present study by all the methods of in- 
ducing tetany that were employed. 

During the convulsions regurgitation of the stomach contents and the ap- 
pearance of a foam about the mouth is a common feature. 

Comparison of Tetany Produced by Different Regimens. Table 1 gives a sum- 
mary of the incidence of convulsive attacks, both spontaneous and induced, on 
the different regimens that were employed. On all of the regimens the char- 
acteristic features of the convulsions were the same and followed essentially 
the pattern given above. When a convulsion was induced by a galvanic stimu- 
lus, the susceptible animal fell over on its side and immediately went into a 
tonic spasm in which the body became rigid, with both fore and hind limbs ex- 
tended and the fore paws clenched. 

The severity of the tetany is approximately indicated by the number of deaths. 
Deaths following observed attacks of tetany are indicated in table 1. In most 
instances, however, the animals were found dead in their cage in the morning. 
While convulsions probably preceded death in these cases, there is no assurance 
of it. The highest death rate occurred in the tetany of magnesium deficiency 
followed by that of the calcium deficient thyro-parathyroidectomized rats. 
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The relative susceptibility to the two stimuli that were used is also interesting. 
In magnesium deficiency, as was more conclusively demonstrated in a previous 
paper (6), the hissing sound of an air blast is highly effective and the galvanic 
shock almost always ineffective. 

Table 1 shows that the animals on the low-caleium-low-D regimen and the 
fasting rachitie animals responded only to the galvanic stimulus and not at all 
tosound. The parathyroidectomized rats on the low calcium diet responded to 


TABLE 1 


Summary of the incidence of tetany on various regimens 


OBSER GALVANK SOUND 
VATIONS sTIMULUS STIMULUS 
OF | DEATH 
ANI SPONTA | ALI 
REGIMEN —, TIMI NEOUS Con Con- | causes,| Spon- | After 
. CONVUL- Tests, vul Tests vul NO tane 
SIONS, no sions ne sions ous, k 
NO nm me 
Magnesium deficiency*...| 35 | 4-9 wks. 6 1 | 30 | 13 32°* 0 0) 
Calcium and vitamin D 
deficiency 14 3-7 wks 0 19 6 29 «0 “o"" ) 
Fasting rickets 14 1-48 hrs 0 34 11 19 0 2 
Parathyroidectomy and 
low calcium diet 33 | 3-13 wks. 1 31 5 22 | 14t 10 17 
Chyro-parathyroidec- 
tomy and low calcium 
diet 52 2-8 wks y 4Y 25 122 59 38I 3 7 
Sodium phosphate injec 
tiontt | 15 mins 2 1 0 1 ] 4tt 
Sodium citrate injec 
tion§. J oe 15 mins 2 2 2 3 0 4¢ 


* Included 8 animals on the same diet with added 10 mgm. ascorbic acid per 100 grams 
food. 

** Right deaths after observed attack of tetany. 

*** Two deaths after observed attack of tetany, 2 deaths after paralysis 

t One death after observed attack of tetany. 

t Eleven deaths after observed attack of tetany. 

tt Dose 5 ml. 10 per cent NasHPO, per 100 grams body weight injected intraperitoneally 

tt Two deaths immediately following attack of tetany 
§$ Dose 1 ml. 1 per cent sodium citrate per 100 grams body weight injected intraperi 
toneally. 


© All deaths immediately following attack of tetany 


a higher degree to the galvanic shock than to sound while the thyro-parathy 
roidectomized animals responded readily to both stimuli but with the sound 
stimulus being nearly twice as effective. 

A brief account of the salient features on each regimen is given below. 

Magnesium deficiency. The results of an extensive study of the tetany due to 
this condition have been reported in a previous work (6). It was there pointed 
out that the best stimulus for inducing the convulsions of tetany was the hissing 
sound of an air blast and that a galvanie shock from an induction coil was seldom 
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effective. In the 35 animals of the present study, a group of 8 was reared on 
the magnesium deficient diet but with the addition of crystalline ascorbie acid 
There was no noticeable difference in response due to the ascorbic acid. 

Calcium and vitamin D deficiency. A diet lacking calcium only is not sufficient 
to produce tetany in the rat even though the blood serum calcium concentration 
is greatly lowered (9). Tetany results, however, if the diet lacks vitamin D as 
well as calcium. Weaned rats (28 days old) became subject to the convulsions 
of tetany after being 6 to 7 weeks on this regimen. 

No spontaneous seizures were observed but convulsions were produced in 
about one-third of the animals subjected to galvanic shock. The sound stimulus 
was completely ineffective. The characteristics of the convulsions were quite 
like those observed in the tetany of magnesium deficiency. 

With the passage of time the galvanic shock caused paralysis and prostration 
such as is found in uncomplicated calcium deficiency (9) rather than attacks 
of tetany. 

The animals on this regimen searcely grew at all. The food consumption 
which was initially 5 grams per rat per day fell to as low as 3 grams per rat per 
day after 5 weeks. Analysis of the blood showed that the serum calcium was 
very low (6.3 mgm. per 100 ml.) and the serum phosphorus about normal (11.4 
mgm. per 100 ml.). 

Templin and Steenbock (10) fed adult female rats a diet low in ealeium (56 
mgm. per 100 grams food) and lacking in vitamin D for eight months, during 
which time no attacks of tetany were observed, although the concentration of 
serum calcium fell as low as 4.8 mgm. per 100 ml. These animals, however, 
were not subjected to electrical stimulation. Jones and Cohn (11) have noted 
that vitamin D protects the rat to a certain extent from the effects of calcium 
deficiency. The serum calcium was not as low and the mortality not as high 
when additional vitamin D was administered. 

Fasting rickets. It has been observed that rachitic rats placed on a favorable 
healing diet or if simply starved, may succumb to attacks of tetany (11-13). 
In the present study 14 severely rachitie rats’ were shifted to our stock colony 
diet but they refused to eat. They were tested by galvanic and sound stimulus 
from 4 to 48 hours after this dietary change with the results shown in table 1. 

Chemical analysis of the blood of these rats showed that the serum calcium 
concentration was lowered (average, 7.2 mgm. per 100 ml.) and the serum in- 
organie phosphorus was normal (11.5 mgm. per 100 ml.). 

It is to be noted from the results on the low calcium-low vitamin D and the 
fasting rachitic animals, that when the tetany was associated with lack of vita- 
min, only electric stimulation was effective and the sound stimulus completely 
ineffective in producing attacks of tetany. 

Parathyroidectomy and low calcium diet. The rat is resistant to the onset of 
tetany following removal of the parathyroid or thyro-parathvroid glands if the 
diet is adequate (14). However, tetany develops if the dietary calcium is low 
(15), or the phosphorus is high (16). 


3 Kindly supplied by Mr. Theodore Sanford of the Booth Laboratories, Oakland. 
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[In the present study the two visible superficial parathyroids that occur in 

‘rat were removed from a group of 33 rats which then were maintained on 

ir standard low calcium diet (9). Removal of the parathyroids alone was com 

iratively ineffective in producing tetany even on the low calcium dict. The 
esults are shown in table 1. The electric stimulus was more effective than the 
sound stimulus in evoking convulsions in this condition. The greatest liability 
to tetany occurred between 3 and 8 weeks after the operation. 

With the progress of time, the parathyroidectomized animals became more 
subject to paralysis and prostration than to tetany. Ten animals became 
paralyzed spontaneously and 17 succumbed to this condition after being sub 
jected to the galvanic current. Of the 14 animals that died, the greater number 
did so while in a paralytic condition. 

The serum calcium concentration was at its lowest shortly after removal of 
the parathyroids and then tended to increase. Two weeks after the operation 
the calcium concentration was 5.3, at 4 weeks 7.3, and 8 weeks 9.5 mgm. per 
100 ml. serum. 

Incomplete removal of all parathyroid tissue may account for the low incidence 
of tetany in the parathyroidectomized animals. Hoskins and Chandler (17, 18 
and Overholser (19), contrary to the opinion of earlier workers, found an inci 
dence of accessory parathyroids in only 5 to 7 per cent of the rats upon careful 
examination by serial sections of the neck region anterior to the vertebrae. 
Occasionally, however, strains of rats were found in which accessory parathyroids 
increase to the extent of 20 per cent. 

Thyro-parathyroidectomy and low calcium diet. In the thyro-parathyroidec 
tomized animals on the low calcium diet, the incidence of tetany was high and 
the attacks of tetany were severe. Sufficient desiccated thyroid to supply an 
adequate amount of hormone was added to the diet. Consequently a deficiency 
of thyroid hormone was not involved in the increased incidence and severity ot 
the tetany. If the rarity of accessory parathyroid tissue in the rat is true, it is 
difficult to explain the differences in the results of the two regimens. 

Thyro-parathyroidectomy was performed on 52 animals when they wer 
about 5 weeks of age and then they were placed on the low calcium diet with 
added desiccated thyroid.4| The animals exhibited hardly any growth and 
very few animals were able to survive for as long as two months after 
the operation. 

The thyro-parathyroidectomized animals become nervous, hyperexcitable 
and very active. As shown in table 1, they are easily susceptible to tetany. 
The sound stimulus proved somewhat more effective in inducing convulsions 
than the electric current. The time of greatest susceptibility was between 5 
to 5 weeks after the operation. The severity of the condition is shown by thi 
fact that 11 deaths occurred after observed attacks of tetany. It seems likely 
that many of the other 27 animals that died also succumbed following spontan: 

‘We have noted recently that an even more efficient method of producing tetany ts to 


maintain the rats for about 5 weeks on the low calcium diet and then thyro-parathyroid 
ectomize. 
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effective. In the 35 animals of the present study, a group of 8 was reared on 
the magnesium deficient diet but with the addition of crystalline ascorbie acid 
There was no noticeable difference in response due to the ascorbic acid. 

Calcium and vitamin D deficiency. A diet lacking calcium only is not sufficient 
to produce tetany in the rat even though the blood serum calcium concentration 
is greatly lowered (9). Tetany results, however, if the diet lacks vitamin D as 
well as calcium. Weaned rats (28 days old) became subject to the convulsions 
of tetany after being 6 to 7 weeks on this regimen. 

No spontaneous seizures were observed but convulsions were produced in 
about one-third of the animals subjected to galvanic shock. The sound stimulus 
was completely ineffective. The characteristics of the convulsions were quite 
like those observed in the tetany of magnesium deficiency. 

With the passage of time the galvanic shock caused paralysis and prostration 
such as is found in uncomplicated calcium deficiency (9) rather than attacks 
of tetany. 

The animals on this regimen searcely grew at all. The food consumption 
which was initially 5 grams per rat per day fell to as low as 3 grams per rat per 
day after 5 weeks. Analysis of the blood showed that the serum calcium was 
very low (6.3 mgm. per 100 ml.) and the serum phosphorus about normal (11.4 
mgm. per 100 ml.). 

Templin and Steenbock (10) fed adult female rats a diet low in ealeium (56 
mgm. per 100 grams food) and lacking in vitamin D for eight months, during 
which time no attacks of tetany were observed, although the concentration of 
serum calcium fell as low as 4.8 mgm. per 100 ml. These animals, however, 
were not subjected to electrical stimulation. Jones and Cohn (11) have noted 
that vitamin D protects the rat to a certain extent from the effects of calcium 
deficiency. The serum calcium was not as low and the mortality not as high 
when additional vitamin D was administered. 

Fasting rickets. It has been observed that rachitic rats placed on a favorable 
healing diet or if simply starved, may suecumb to attacks of tetany (11-13). 
In the present study 14 severely rachitic rats’ were shifted to our stock colony 
diet but they refused to eat. They were tested by galvanic and sound stimulus 
from 4 to 48 hours after this dietary change with the results shown in table 1. 

Chemical analysis of the blood of these rats showed that the serum calcium 
concentration was lowered (average, 7.2 mgm. per 100 ml.) and the serum in- 
organic phosphorus was normal (11.5 mgm. per 100 ml.). 

It is to be noted from the results on the low calcium-low vitamin D and the 
fasting rachitie animals, that when the tetany was associated with lack of vita- 
min, only electrie stimulation was effective and the sound stimulus completely 
ineffective in producing attacks of tetany. 

Parathyroidectomy and low calcium diet. The rat is resistant to the onset of 
tetany following removal of the parathyroid or thyro-parathyroid glands if the 
diet is adequate (14). However, tetany develops if the dietary calcium is low 
(15), or the phosphorus is high (16). 


3 Kindly supplied by Mr. Theodore Sanford of the Booth Laboratories, Oakland. 
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In the present study the two visible superficial parathyroids that occur in 
the rat were removed from a group of 33 rats which then were maintained on 


ir standard low calcium diet (9). Removal of the parathyroids alone was com- 
aratively ineffective in producing tetany even on the low calcium diet. The 
results are shown in table 1. The electric stimulus was more effective than the 
sound stimulus in evoking convulsions in this condition. The greatest liability 


to tetany occurred between 3 and 8 weeks after the operation. 

With the progress of time, the parathyroidectomized animals became more 
subject to paralysis and prostration than to tetany. Ten animals became 
paralyzed spontaneously and 17 succumbed to this condition after being sub 
jected to the galvanic current. Of the 14 animals that died, the greater numbe 
did so while in a paralytic condition. 

The serum calcium concentration was at its lowest shortly after removal of 
the parathyroids and then tended to increase. Two weeks after the operation 
the calcium concentration was 5.3, at 4 weeks 7.3, and 8 weeks 9.5 mgm. pet 
100 ml. serum. 

Incomplete removal of all parathyroid tissue may account for the low incidence 
of tetany in the parathyroidectomized animals. Hoskins and Chandler (17, 18 
and Overholser (19), contrary to the opinion of earlier workers, found an inci 
dence of accessory parathyroids in only 5 to 7 per cent of the rats upon careful 
examination by serial sections of the neck region anterior to the vertebrae. 
Occasionally, however, strains of rats were found in which accessory parathyroids 
increase to the extent of 20 per cent. 

Thyro-parathyroidectomy and low calcium diet. In the thyvro-parathyroidec 
tomized animals on the low calcium diet, the incidence of tetany was high and 
the attacks of tetany were severe. Sufficient desiccated thyroid to supply an 
adequate amount of hormone was added to the diet. Consequently a deficiency 
of thyroid hormone was not involved in the increased incidence and severity of 
the tetany. If the rarity of gecessory parathyroid tissue in the rat is true, it is 
difficult to explain the differences in the results of the two regimens. 

Thyro-parathyroidectomy was performed on 52 animals when they wer 
about 5 weeks of age and then they were placed on the low calcium diet with 
added desiccated thyroid.4 The animals exhibited hardly any growth and 
very few animals were able to survive for as long as two months after 
the operation. 

The thyro-parathyroidectomized animals become nervous, hyperexcitabl 
and very active. As shown in table 1, they are easily susceptible to tetany. 
The sound stimulus proved somewhat more effective in inducing convulsions 
than the electric current. The time of greatest susceptibility was between 3 
to 5 weeks after the operation. The severity of the condition is shown by the 
fact that 11 deaths occurred after observed attacks of tetany. It seems likely 
that many of the other 27 animals that died also succumbed following spontan 


‘We have noted recently that an even more efficient method of producing tetany is to 
maintain the rats for about 5 weeks on the low calcium diet and then thyro-parathyroid 
ectomize. 
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ous attacks during the night. The blood serum calcium quickly dropped a: 


SI 


remained at a low level of concentration, ranging between 5 and 7 mgm. per 1(i 


ml. of serum. ‘This is in marked contrast to the rats in which only the parath) : 

roids were removed. In this group the serum calcium at first dropped and the: 

rose again to normal. 
In the course of time some of the features associated with pure calcium «J; 

ficiency developed in the animals. There were 3 spontaneous and 7 induce , 

cases of paralysis and prostration. , 


Di-sodium phosphate and sodium citrate injection. A few experiments wer 
carried out on the tetany produced by injections of these salts into normal rats 
in order to observe how closely this compared with the tetany caused by the | 
déficiency regimens given above. 

The dosage employed is given in table 1. The first effect of the injection of 
either salt was to make the animals apathetic and stuporous. Apparently the) 
were only semi-conscious. The convulsions of tetany showed the same genera! 
features, i.e., the tonie positional spasm described above. Besides this ther 
was a great deal of clonic contraction not commonly observed on the othe: 
regimens. Spontaneous convulsions set in about 10 to 15 minutes after injec- 
tion of the di-sodium phosphate which eventually ended in death. Convulsiv: 
seizures could also be induced prior to their spontaneous onset by either the air 
blast or galvanic shock. 

In the sodium citrate injected animals, convulsions could be elicited in from 
5 minutes to 1 hour after the injection. Seizures were produced by galvanic 
stimulation and by touching and pinching the animals, but not by the hissing 
sound of the air blast. Two out of eight animals had spontaneous attacks. The 
condition appeared to be less severe in the citrate injected than in the phosphate 
injected animals, 

The Réle of the Central Nervous System in Tetany. The involvement of the 
central nervous system in the syndrome of tetany, at a level higher than the 
spinal cord, is demonstrated by the experimental results described below. 

Barbiturates. Noél Paton and Findlay (20) noted that ether anesthesia com- 
pletely stépped attacks of tetany in thyro-parathyroidectomized dogs. Ad- 
ministration of barbiturates will prevent the onset of tetany in susceptible rats. 
Only sedative, not anesthetic doses are required. It was previously shown that 
doses of 3 to } the anesthetic level of sodium amytal prevented the onset of the 
convulsions of tetany in magnesium deficient rats when they were subjected to 
the hissing sound of an air blast (6). 

In the present work the sedative effect of sodium pentobarbital (Nembutal) 
was tested on thyro-parathyroidectomized rats. Thirteen rats which gave 
positive responses from 1 to 3 days prior to the test were injected with doses of 
2 mgm. sodium pentobarbital per 100 grams body weight. Nine of these gave 
completely negative results and 4 showed only a fleeting effect which lasted for 
the duration of the current upon electrical stimulation. With the sound stimu- 
lus, the response was completely negative in all trials. From 24 to 48 hours after 
the negative tests the same animals responded positively to both electrical and 
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sound stimuli. Sedative doses of barbiturates therefore have the same effect 


against tetany in parathyroid deficiency as they do in magnesium deficiency 


in the rat. 

Spinal transection. In thyro-parathyroidectomized dogs, Noél Paton, Findlay 
and Watson (5) observed that the tremors and jerkings persisted in muscles 
below the point of section of the cord but that the sustained tonus was eliminated. 
The movements of the hind legs were entirely independent of the condition of 
the fore part of the body. West (4), on the contrary, states that all elements 
of tetany were retained in the hind limbs when the spinal cord had been tran 
sected in the cervical or dorsal region. 

The present experiments demonstrated that shortly after spinal transection 
at about the seventh thoracic vertebra, tetanic seizures were abolished in the 
hind extremities but the fore part of the body reacted as before operation in 
magnesium deficient, thyro-parathyroidectomized and citrate injected rats. 
In magnesium deficient animals, 8 positive reactions were obtained with the 
fore part of the body while the hind quarters remained limp (after spinal tran 
section). Two of these attacks occurred spontaneously and six after stimulation 
with the air blast. When the sound was turned on, the rats attempted to run 
in circles, dragging along the paralyzed hind limbs. Application of the electric 
current caused tonic extension of the hind limbs for the duration of the current 
only, up to 2 days after the operation. 

Spinal transection was performed on a group of 18 thyro-parathyroidectomized 
rats maintained on the low calcium diet. All the animals were tested for their 
susceptibility to tetany prior to the operation. There were 16 positive re- 
sponses, 10 by galvanie shock and 6 by means of the air blast. Sixteen rats 
survived the operation and of these, 11 reacted with the fore body while the hind 
quarters remained limp on being subjected to galvanic stimulation. This 
response could be elicited in from 2 hours to several days after the spinal tran- 
section. 

Three citrate injected shock animals following spinal cord transection reacted 
with typical attacks of tetany in the fore quarters while the hind limbs were 
affected only for the duration of the current upon being subjected to galvanic 


stimulus. 

Curare. Hartridge and West (3) concluded that sub-paralytic doses of curare 
abolished the spasms of tetany in thyro-parathyroidectomized dog This 
was offered as proof of the peripheral neuro-muscular nature of tetany. It was 


previously shown that the tetany of magnesium deficiency is not prevented by 
the administration of curare. In the present study, the effect of curare was 
tested on rats subjected to the thyro-parathyvroidectomy-low calcium and on 
the fasting rickets regimens. 

In the thyro-parathyroidectomized animals, out of Il cases in which tetany 
could be elicited before injection, tetany occurred in LO curare injected animals 
when subjected to electrical stimulation. Twenty-five curare injected rats 


§ Curare dose from 0.15 to 0.25 mgm. per 100 grams body weight 
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were tested in all, employing the different stimuli, with a positive response in 
13 cases. 

In three fasting rachitic rats which gave a positive reaction prior to injection 
of curare, 2 suffered convulsions and the third became paralyzed upon electrical! 
stimulation from 10 to 25 minutes after curare administration. 

Discussion. The experiments described here demonstrate the essential 
similarity of the manifestations of tetany produced by the different experimental 
regimens. The convulsive attacks are indistinguishable from one another. 
The difference in the effectiveness of the sound and electrical stimuli is not easy 
to explain. To some degree it may be determined by the severity of the condi- 
tion since the thyro-parathyroid animals, in which the tetany was very severe, 
responded strongly to both stimuli. 

In many of the conditions in which tetany develops, there is a marked reduc- 
tion in the serum calcium level, presumably the ionic calcium. Reduction of 
the serum calcium alone if it is produced slowly, as by low calcium diet, does not 
lead to tetany in the rat. Perhaps vitamin D and the parathyroid glands pro- 
duce a reaction which counterbalances the effect of the low serum calcium ? 

The present experiments confirm the importance, noted in earlier work, of 
the central nervous system for the manifestations of tetany. The integrity of 
the central nervous system at a level higher than the spinal cord seems to be 
essential for sustained tonic convulsions. Evidence that states leading to tetany 
affect definite parts of the central nervous system is indicated by the work of 
Gellhorn and Feldman (21). These authors found that the sympathetico- 
adrenal system becomes sensitized and the vago-insulin system becomes de- 
pressed in magnesium deficiency. The recent studies on neurotic states in rats 
(22) also are of some significance. The sound of the air blast as a stimulus and 
certain features of the neurotic convulsions are reminiscent of the manifestation 
of tetany in the rat. 


SUMMARY 


1. A study-has been made of the relation of certain dietary and hormonal 
factors to the production of tetany in the rat. 

Extreme lack in the diet of caleium alone does not produce tetany even though 
the blood calcium drops to extremely low levels. Tetany will result if the diet 
is deficient both in vitamin D and ecaleium. On the low calcium diet, tetany 
is produced by removal of the parathyroids and even more effectively by removal 
of the thyroid and parathyroid glands with the addition of adequate thyroid 
extract to the diet. 

2. Rats on different regimens show a difference in response to various stimuli, 
but the tetanic attacks produced by all the different procedures pursue a like 
course. Attacks can be induced with a galvanic current but not with the sound 
of an air blast in tetany associated with vitamin D and calcium deficiency or 


6 Since this was written we have demonstrated that in tetany caused by alkalosis in the 
rat, there is the same kind of convulsion and the same response to spinal transection as 


described here. 
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with healing rickets. Both stimuli are effective in tetany due to thyro-para 


thyroidectomy, and the air blast only is a very effective stimulus in the tetany 


of magnesium deficiency. 

3. Involvement of the central nervous system at a point higher than the 
spinal cord in the syndrome of tetany is shown by the following: a, sedative 
doses of amytal and pentobarbital prevent the onset of attacks; 6, spinal tran 
sected rats reacted with the forebody but not with the hind extremities during 
attacks, and c, subparalytic doses of curare do not prevent the convulsions of 
tetany. 
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tecent studies of electrical stimulation of the motor cortex in different mammals 
have revealed the fact that various autonomic reactions such as pressor and 
depressor effects, change of heart rate, pupillary dilatation and retraction of 
nictitating membrane, could be obtained. Dusser de Barenne et al. (1) have 
observed falls of blood pressure following stimulation of the motor cortex in dogs, 
eats and rabbits. Hoff and Green (2) obtained chiefly pressor effects in cats 
and monkeys. Later Green and Hoff (3) studied the limb and renal volume 
changes in cats and monkeys following cortical stimulation. They reported 
that either a rise or a fall of blood pressure may result, that renal volume is usually 
decreased during rise of blood pressure and the limb volume is usually increased 
regardless of any alteration of the mean blood pressure. The discrepancy of the 
findings between Dusser de Barenne and Hoff and Green has been attributed to 
the difference of anesthetics or the character of the cerebral representation of 
the vasomotor system, as the former used ether, urethane or morphine while the 
latter used ether or dial ciba supplemented with ether. The purpose of our 
present study is to determine whether pressor or depressor effects will result 
from stimulation of the motor cortex in dogs when such animals are under chlora- 
lose anesthesia. Also the possible mechanism of any cardio-vascular changes 
following cortical stimulation will be studied. 

Myruops. Twenty successful experiments on dogs are used for this report. 

Anesthesia. All animals were anesthetized by intravenous injection of chlora- 
lose (70 mgm. per kgm.) with ether induction. Ina few experiments, ether alone 
Was used, 

Experimental procedure. Blood pressure was recorded from the common 
carotid by a mereury or membrane manometer. The vasomotor reaction 
was registered by volume changes of the kidney. tespiratory movements 
were recorded by means of a trocar inserted through the chest wall or by a 
tracheal cannula connected with a tambour or water manometer. In a few 
experiments curare was given in sufficient doses to paralyze muscular movements 
and artificial respiration was instituted. In some dogs both vagi were sectioned. 
The skull was exposed either on the left or on the right side by trephining a hole 
and widening by bone forceps. As soon as the dura was opened, the brain 
tissue was covered with pledgets soaked in warm Locke’s solution. 

Electrical stimulation. Bipolar nichrome and platinum wire electrodes sepa- 
rated at the tip less than 1 mm. were used. Each stimulation lasted from 10 to 
20 seconds and the interval between two stimuli was two minutes or more in 


1 This investigation was supported in part by a grant from the Rockefeller Foundation. 


468 


MOTOR CORTEX STIMULATION AND CARDIOVASCULAR CHANGES 1a) 


order to avoid possible extinction and inhibition phenomenon as noticed by Dusser 
de Barenne and MeCulloch (4). Two dry cells of 3 volts connected with a 
Harvard inductorium were used for stimulation. The strength of current was 
varied by setting the secondary coil on successive points }em. apart from 2 to 
Yem. In the figures a represents ¢m., 3 em., ¢ 4¢m., ete. Both foeal and 


nonfocal points of the motor area were stimulated as shown in figure 1 Besides 


blood pressure, respiration and renal volumes were registered, pupillary reaction, 


variation of heart rate and muscular movements were also observed andre 
corded during the course of the experiment. 

Restirs. 1. Depressor effect. In practically every experiment we obtained 
a fall of blood pressure upon stimulation of the motor focal points of the sigmoid 


evrus in dogs. In a few instances pressor effects were also observed but only 
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Fig. 1. Motor foeal and nonfoeal points stimulated. o marks foeal points and «2 marks 
nonfoecal points. Foeal point 1 represents fore limb area, 2 neck muscle, 3 hind limb, 4 


pupil dilatation and 5 tail movement 


Fig. 2. Pressor and depressor effects induced by cortieal stimulation after curarization 


at the beginning of stimulation, i.e., an initial rise followed by a fall of blood 
pressure. In some curarized dogs, however, (fig. 2)) a rise of pressure was 
observed. In animals injected with curare, stimulation of the motor area may 
cause either a rise ora fall of blood pressure. This confirms the results of Green 
and Hoff (3). 

2. Motor focal points, When liminal current was used to stimulate the sig 
moid gyrus only the motor focal points would give rise to blood pressure changes 
With a current stronger than liminal, spots other than focal points in the sigmoid 
gvrus might cause depressor effects; but this, we believe, is due to the spread 
or irradiation of current to the foeal points. “The liminal current whieh would 
cause depressor effects was usually when the secondary coil of the inductorium 
Was set at 7 or Sem. 


3. Variation of depressor effects. The extent of variation of the depressor 
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effect is determined by two factors: 1, strength of current, and 2, differences ir 
the focal points. Figure 3a, b, ¢ shows the effects of different strengths of current 
on the depressor effect. Stimulation of focal point 1 (fore limb area, fig. 1 

with current strength f, or 7 em., resulted in a fall of blood pressure of about 10 
mm. Hg, while with current strength d, or 5em., the drop of blood pressure could 


hig. 3. a-c shows the effect of strength of current on the fall of blood pressure / shows 


that the depressor effeet is not influenced by section of the vagi 


4 Fig. 5 


Fig. 4. ashows the effeet of stimulation of one of the non-foeal points; bh-f shows the vari 
ation of depressor effeet by stimulation of different focal points of the motor cortex 
Fig. 5. The depressor effect accompanying the inerease of renal volume following cortical 


stimulation 


be over 40 mm. Hg. The drop of blood pressure from stimulation of any focal 
point was not influenced or abolished by section of both vagi (fig. 3d). With 
the same strength of current, different foeal points, however, did not give the 
same effect. Foeal points such as pupillary dilatation, neck and fore limb area 
usually gave more marked depressor effect than those of tail and hind limb areas 


(fig. taf 
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1. Relationship between the depressor effect and muscular movements. When 


the strength of current was sufficient to induce a motor response conspicuous 


depressor effects and renal volume changes usually resulted. When the strength 
of current was below the threshold for muscular movement noticeable change 
of blood pressure did not occur except when focal point 4 (pupillary dilatation 
center) of the sigmoid gyrus was stimulated. However, in view of the observa- 
tions that in curarized animals marked depressor effects were obtained from all 
the motor focal points without the slightest accompanying muscular movements, 
and that in a few instances there were muscular movements without accompany- 
ing depressor effects, we feel that the depressor effect itself is independent of 
muscular movements. 

5. Heart rate. The heart rate is usually increased on cortical stimulation. 
In four experiments using a membrane manometer to register blood pressure, it 
was found that before stimulation the average heart rate was 110 per minute; 
during and shortly after stimulation it had increased to 132 per minute, with an 
average increase of approximately 20 per cent. The increase in heart rate usu- 
ally began after ten seconds of stimulation, similar to the duration of the latency 
of the depressor effect. It is evident that the change of blood pressure was not 
dependent on the change of heart rate since these changes occurred simulta- 
neously and since depressor effect was obtainable after section of both vagi. 

6. Renal volume. On stimulation of the motor focal points in dogs there was 
always an increase of renal volume accompanying the fall of blood pressure 
(fig. 5). Green and Hoff (3) observed ‘‘diminution of renal volume in curarized 
animals under ether anesthesia during the rise of blood pressure evoked by 
stimulation of the motor cortex” in cats and monkeys. Their result is contrary 
to our present findings in dogs anesthetized with chloralose. Whether the dis- 
agreement of our findings with that of Green and Hoff (3) is due to the difference 
of anesthetics or to cortical representation needs further experimental elarifi 
cation. There is very little doubt that the depressor effect resulting from cor- 
tical stimulation is chiefly due to the vasodilatation of the visceral organs. 

7. Respiratory movements. In most cases when the motor focal points were 
stimulated the amplitude of the respiratory movements was decreased and the 
rate increased. In a few cases apnea resulted as long as the stimulation lasted 
(figs. 2-5). The findings on the variation of the respiratory movements in re 
lation to the fall of blood pressure confirm the results of Chu and Loo (5) in 
their experiments on hypothalamic stimulation in cats. The change of blood 
pressure in our experiments, however, was not due to the change of the respira 
tory movement as both pressor and depressor effects were still obtainable after 
paralysis of the respiratory muscles by curarization (fig. 2). 

Discussion. Recent experiments on cortical stimulation and ablation of the 
motor areas (including motor and premotor areas) have shown that the motor 
area of many mammals serves not only as the center for voluntary movement 
but also represents the cortical autonomic center. That the activity of the gastro 
intestinal tract can be augmented in the presence of ablation of the premotor area 
has been demonstrated by Sheehan (6) and Watts and Fulton (7). Watts has 
also shown that augmented activity of the gastrointestinal tract can be induced 
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by stimulation of this region (8). From the study of vasomotor changes by corti- 
cal stimulation, Green and Hoff (3) concluded that “there are certain nervous 
pathways, originating in the motor cortex, excitation of which results in a 
redistribution of blood.” 

Our present findings on cardiovascular and other autonomic changes further 
strengthen our concept of cortical autonomic representation in the motor area. 
Our results, that the intensity of the depressor effect is dependent on the strength 
of current and on the seat of motor focal points—the fore limb area is more sensi- 
tive and effective than the hind limb area—lead us to believe that there are 
two possibilities for this mechanism. 1. Probably from the motor area there 
are thinly myelinated or unmyelinated fibers mingled with the cortical-spinal 
or the extrapyramidal system which make connections with various autonomic 
centers such as cardio-inhibitory, respiratory and vasomotor centers in the 
hypothalamic, tegmental and bulbar regions. 2. Through direct or indirect 
pathways, connections between cortico-spinal and extrapyramidal system fibers 
and the autonomic centers in the lower levels are made. The existence of these 
hypothetical tracts certainly needs to be verified by experimental studies with 
the Marchi method and careful examination of silver preparations by neuro- 
anatomists. 


SUMMARY 


1. By stimulation of the motor focal points on the sigmoid gyrus of the dog 
anesthetized with chloralose, there is always a fall of blood pressure. The de- 
pressor effect thus produced is always associated with the muscular movement 
in noncurarized animals, but the production of the former is not dependent on 
the latter. 

2. The intensity of the depressor effect evoked from the cortical stimulation 
in dogs is determined by the strength of the stimulating current and by the 
particular motor focal point that is stimulated. 

3. The heart rate is usually increased about 20 per cent on stimulation of the 
motor area in dogs, but the change of the heart rate is not a causal factor in the 
depressor effect, since the latter is not influenced or abolished by section of both 

4. The respiratory movements are usually decreased in amplitude and in- 
creased in number, and occasionally apnea may occur during cortical stimulation. 

5. The renal volume is always increased accompanying the fall of blood pres- 
sure following cortical stimulation. Vasodilatation of the visceral organs is 
probably the cause of the depressor effect. 
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